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ABSTRACT

Tritium analysis of precipitation and ground water samples taken
over 13 years, together with geohydrologic and meteorologic data, has
led to the construction of a tritium input function for the Roswell artesian
basin. This recharge function, rather than tritium concentrations in
precipitation, was correlated with tritium-time profiles of seven wells.
The profiles of these wells also were correlated among each other. Cor-
relation was greatly facilitated by the shlug-flow characteristics of the
recharge and the sharp periodicity of precipitation in the recharge area
of this semi-arid basin, It was found that recharge is not a linear function
of precipitation but proportional to an annual fraction of the mean,

Two distinct subregions, characterized by different circulation
patterns, were recognized in tl‘{e basin., The residence time of water in
the northern subregion {Roswell) is about four years. It is larger than
seven years in the central region (Artesia), Tritium input characteristics
vary from north to south along the western flank of the basin, In the
recharge area of the northern subregion, percolation from surface to
water table takes between 4-12 months,

Hydrological parameters computed on the basis of tritium data

were correlated with lithologic and structural features in the basin., In

iid



the northern part of the basin average ground water velocity, porosity,
effective thickness of the aquifer, and the dispersion constant were —
found to be of the order of 70 ft/day, 1%, 2 ft, and 70 ft, respectively,
A one-dimensional dispersion model was successfully used to test the

precipitation/recharge relation using tritium as a tracer.
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1. INTRODUCTION

1.1 Description of the Problem

Tritium concentrations in precipitation.in central New Mexico have
been monitored by the Tritium Laboratory of the New Mexico Institute of
Mining and Technology since 1956, Tritium concentrations in ground waters
of the Roswell artesian basin have been measured since 1959, This work
is concerned with the application of environmental tritium to the study of
interaction between precipitation, ground water recharge, and flow in a
confined limestone aquifer in the Roswell basin. The hydrologic system
will be tested by its dynamic response to the observed fluctuations of tritium
content in precipitation. The investigation is a single tracer problem in the
sense that water samples have been analyzed for their tritium content only.
This constraint is severe, especially when a quantitative interpretation of
large-scale ground water movement is sought, In a study of this type, inter-
pretation of observations has to rely on meteorologic, geologic, and hydro-

logic observations as well as tracer measurements.

1.2 Environmental Tritium as a Ground Water Tracer

1.2.1 General. Since the detection of natural radioactive hydrogen

(tritium) in rain water and the realization by hydrologists of its usefulness,



new ways and techniques to evaluate its potential as a tracer in the hydro-
logic cycle have been continuously sought. In recent years the application

of isotopes to surface and subsurface hydrology has become more wide-
spread., The establishment of the International Atomic Energy Agency (IAEA)
created the forum for the exchavnge of ideas and combination of efforts. The
program has expanded to include stable isotopes as well as numerous radio-
active isotopes. To date, three major symposiums on the applications of
isotopes to hydrology have taken place (IAEA, 1963, 1967, 1970a). In addi-
tion, IAEA has provided a world survey of tritium, deuterium, and oxygen-18
for meteorological and hydrological purposes (IAEA, 1969, 1970b, 1971).

1. 2.2 Tritium Production. Tritium (1H3 or T) has a half-life of

12, 26 years and emits a beta particle with a principal energy of 0. 018 Mev.

The reaction is

3 0
T o, He + B +0.018 Mev

2

Natural tritium is produced by cosmic rays and by solar flare accelerated
particles in the upper atmosphere. One reaction is due to the flux of
secondary neutrons and is given by (Libby, 1946)

1 12
- .
, 14 +On 6C + T + energy

Within two years of the detection of natural tritium in rain water {Grosse

et al. 1951), experiments with thermonuclear devices had completely upset



the inventory of natural tritium by injecting large quantities of artificial
tritium into the upper atmosphere and stratosphere. As far as can bg
determined, the steady state equilibrium concentration of tritium before
1953 was about 10 T. U, (1) Thermonuclear reactions each involving the

fusion of nuclei are as follows:

zHe3 + nl +3.3 Mev

H ¢ 1H2<
T + 1p1 + 4.0 Mev

and

5 Li6 + Onl——-———>T + 21—134 + 4.7 Mev

The relatively large amount of tritium produced by fusion reaction is
about 1023 to 1024 atoms/kt of fusion (7 x 103 to 5 x 104 Ci/kt), depending
on the efficiency and kind of thermonuclear fuel (Teller et al.,1968),
Although man-made, the tritium produced by nuclear reaction will oxidize
or exchange to become part of a water molecule (HTO),

1.2,3 Tritium Circluation and Tracing. The artificial tritium produced

by nuclear testing is distributed throughout the hydrologic cycle by natural
processes. Therefore, it is considered a natural or an environmental
tracer even though tritium levels have on the average risen three orders

of magnitude as compared with cosmically produced tritium. The higher

(1} All units and symbols are compiled and defined in Appendix A.



tritium levels are more easily measured, but the weak B -radiation
excludes the possibility of in situ measurements.

The increase of tritium concentrations in precipitation as a result
of nuclear testing in the atmosphere was detected in the form of "tritium
peaks'. These pulses, when reaching a ground water reservoir, can be
used to trace the flow. The distinction should be made between pre-bomb
tritium which was primarily an age indicator and the bomb-produced tritium
that can also be used for tracing. Because of its 12, 26 year half-life, the
time span of tritium dating is limited to about 50 yeafs. For some hydro-
logic systems, this is sufficient time and another isotope such as Carbon-14
(T%=5600 years) would have to be used for dating purposes.

The application of tritium pulse tracing and dating requires the
knowledge of tritium concentration distribution in precipitation. Figure 1.1
is such a presentation, The two sets of data for Ottawa, Canada (IAEA,
1969, 1970b, 1971) and for central New Mexico are plotted together with the
history of nuclear testing in the atmosphere., As will be shown in Chapter 5,‘
such data from different locations can be used to fill gaps in the immediate
region of measurement. The nuclear testing period between September 1961
and December 1963 produced large tritium yields. This is shown by the
high tritium levels following 1962 (Fig. 1.1). The general contention

among many investigators was or is that the high tritium pulses of 1963/1964

caused sufficient signal in many aquifers to provide a reference for years
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to come. The study will show that meteorological conditions prevailing
at the time have almost eliminated the 1963/1964 peaks in parts of the
Roswell basin. .

One of the more serious drawbacks of the tritium tracing method
is the length of time required for its application which is dictated primarily
by the rate of ground water movement, The semi-arid climate of south-
eastern New Mexico, with summer rains and relatively fast movement of
ground water in a cavernous limestone aquifer provides favorable conditions

for the application of environmental tritium tracing.

1.3 The Roswell Basin

1.3.1 General. The Roswell artesian basin is located in western Chaves
and Eddy counties, New Mexico. The basin is within the Pecos River
drainage basin. The eastern edge of the basin is east of the Pecos River
and its western boundary is the Sacramento Mountains. The northern and
southern limits of the basin are considered to be Arroyo Macho (north of
Roswell) and Major Johnson Springs (north of Carlsbad), respectively.

The northern and western boundaries, although not defined accurately, are
important to any hydrologic study. The basin is characterized by moun-
tains on the west {9, 000 feet), a bedrock surface that dips eastward from
the crest of these mountains, and flat alluvial plain near the Pecos River

on the east (3,400 feet). Relief is low beginning about 15 miles west of



the river., The Roswell basin has a semi-arid, continental climate. It is
characterized by abundant sunshine, low relative humidity, and large
temperature contrasts. Winters are short and mild, and summers are
long and hot, Annual mean temperature is 59 OF. Nearly 70% of total
precipitation falls from May to September, mostly by intense, but brief,
thundershowers. The Roswell basin is one of the most important areas

of artesian water production in the United States (Bean, 1949). In addition
to the agricultural industry, oil is produced from the San Andres Lime-
stone in the vicinity of Roswell and other locations in the basin.

The hydrologic complex of the artesian basin near the Pecos Valley
covers in excess of 3000 square miles (Havenor, 1968). The irrigated lands
are mainly located in the eastern half of the basin covered with the Quaternary
Alluvium deposits (Fig. 1.2). Most of the irrigation waters are pumped from
the San Andres limestone aquifer. Heavy pumpage has produced a continuous
decline in water levels since about 1942. Salt water encroachment west of
the Pecos River, especially near Roswell, presents a real threat to the
management of adequate water quality for irrigation,

1.3.2 Previous Work Related to the Study. Two bibliographical pub-

lications are available which contain background information on the Roswell

basin and on tritium tracing, The first publication is: A Bibliography Per-

taining to the Pecos River Basin in New Mexico, compiled by Hernandez




and Eaton (1968). The bibliographic listing includes some 400 publications
which are related to the study area. The second is a U, S. Geological Sur-

vey publication entitled: Bibliography of Tritium Studies Related to Hydro-

logy Through 1966, by Rhodehamel et al. (1971). It contains about 1420

references which include tritium tracing of ground water and surface water,
atmospheric and biological studies with the aid of tritium, and references
to analytical methods used in the actual measurement of tritium activities
in liquid and solid samples.

Geologic and hydrologic investigations of the Roswell basin have
been conducted since the turn of the century. The first comprehensive in-
vestigation to cover both geology and ground water resources of the basin
was reported by Fiedler and Nye (1933). Their field work covered three
years (1925-1928) and most of their observations and conclusions are valid
to the present.

Bean (1949) and Theis (1951) studied the effect on artesian recharge
by floodwater stored in the Hondo Reservoir, located on the Rio Hondo 10
miles west of Roswell, Bean investigated the intake capacity of the San
Andres limestone in the vicinity of the Reservoir and of the limestone out-
crop in general. Theis' contribution was the first quantitative application
of the transmissibility coefficient (viz. transmissivity) to the study of the
basin, From the gradient of the piezometric surface in the San Andres
aquifer and estimated quantity of recharge, Theis calculated the trans-

missivity of the aquifer,
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10

Hantush (1955) investigated the hydrology of the basin by treating
the three hydrologic units (Shallow, Shallow Confined, and Principal Con- -
fined aquifers) individually and then by investigating the mutual interaction
of the Shallow and Principal aquifers through the leaky Shallow Confined
layer. Hantush's results are based on pumping tests from which formation
constants were determined. His attempt to arrive at a quantitative estima-
tion of natural replenishment to the basin was a major contribution,

Hood (1963) was concerned with salt water encroachment in the
San Andres limestone. Although the study was hydrochemical in'nature
the additional information given about well construction and completion
proved to be very useful for data interpretation in the present study. Hood's
observations include the relation between increased precipitation and the
cessation of salt water encroachment in the artesian aquifer.

Motts and Cushman (1964) studied the possibilities of artificial
recharge to the basin in order fo halt the westward encroachment of saline
water and to restore the balance between recharge and discharge. The main
emphasis of the study was on recharge characteristics of the exposed rocks,
distribution and properties of sinkholes, and the pattern and rate of ground
water movement in the area.

Havenor (1968) and Maddox (1969) have utilized data available from
oil exploration as well as data obtained by the Pecos Valley Artesian Con-

servancy District (PVACD). A more accurate evaluation .of vertical
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distribution of porosity and permeability was presented by these investi-
gators. Havenor's report is particularly useful with the presentation of

a complete core analysis from the San Andres limestone (to 1100 feet below
the surface), possibly the only one in the available literature on the Roswell
basin.

Recent work on the stratigraphy and structure of the area, which
includes the Roswell basin, was reported by Kelley (1971). The investi-
gation concentrated on aspects of regional structures with special emphasis
on Permian age rocks which include the San Andres formation, Some of the
structure zones may have strong bearing on the mechanism of recharge to
the San Andres aquifer.

The summary to follow on the geohydrology of the studied area
was compiled from the above sources.

1,3.3 Geohydrology. The ground water flow system can be generalized

as a three-layer system: the Quaternary Alluvium aquifer, a semi-confined
aquifer (Artesia Group), and the main deep aquifer (San Andres limestone).
In previous work (Saleem and Jacob, 1971), these have been called Shallow
Aquifer, Shallow Confined, and Principal Confined Aquifer, respectively.
In the present work the Shallow Confined Aquifer did not behave as an
independent hydrologic unit. For this reason in the present work only two
aquifers are differentiated: Alluvium aquifer and Bedrock aquifer; the latter

including both the Artesia Group and the San Andres Limestone.
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All three aquifers are present in the region between Roswell
and Artesia. The aquifer which is continuous throughout the basin is the
San Andres Limestone (Fig. 1.2). The San Andres aquifer has highly
developed solution cavities. The limestone is exposed west of the western
boundary of the alluvium and is about 650 feer below ine surface near the
Pecos River east of Roswell. This same unit is hydrologically contin-
uous south and southeast of Chaves and Eddy Counties, It dips to the
east-southeast.

There are two distinct ground water boundaries in the San
Andres limestone, One is where the limestone becomes an aquifer in the
western part of the basin and the second is at the transition from unconfined
to confined condition. Kelley (1971) subdivides the San Andres limestone
into three members: the upper member (Fourmile Draw), the middle mem-
ber (Bonney Canyon), and the lower member (Rio Bonito). Kelley (1971,
pages 12-14, and Fig. 4) had recognized a change in facies in the Fourmile
Draw member of the San Andres Limestone along a north-south traverse.
To the south of T. 16 S. the evaporite facies of the Fourmile Draw
changes to a carbonate facies which containe no gypsum. As will be
shown in the present work, these facies changes in the central part of the
basin have a profound effect on the movement of ground water.

According to Maddox (1969), uplift and erosion have brought

the San Andres formation into the zone of aeration. Fracturing has
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allowed percolating ground water to leach gypsum and anhydrite resulting
in secondary porosity., Water movement has continued the leaching process
and enlarged the secondary pore spaces, in some instances into caverns‘.“
The upper 300 feet of the San Andres limestone are very porous; this zone
is the principal aquifer of the Roswell artesian basin (Havenor, 1968;
Maddox, 1969)., Fiedler and Nye (1933) suggested permeability boundaries
within the limestone aquifer, Their observations were based on well
yield. Some of their observations were contradicted by a pumping test
performed by Hantush (1957) near Dexter. The transmissivity in that
region was found to be only 10, 000 ftz/day as compared with over 200, 000
ftz/day near Roswell, These regions will be discussed further in Chapters
4 and 5. Motts and Cushman (1964) have shown that the limestone aquifer
combines zones of different permeability., A region of low permeability
was indicated between Artesia and the Village of Hope. This region is
east and southeast of the location where Kelley (1971) observed the absence
of gypsum in the Fourmile Draw member of the San Andres limestone.
The fracturing of the formation along the structural zones
(Fig. 1.2) and the extension of the recharge area were discussed by
Fiedler and Nye (1933), Morgan (1942), Bean (1949), and Motts and
Cushman (1964). The total area that could contribute to recharge is about
7000 to 8000 square miles. The recharge area extends from 10 miles

west of Roswell to the ridge of the Sacramento Mountains on the west,
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and from Vaughn south to the Guadalupe Mountains. Of this only about
1200 square miles were considered the ''principal intake area' by Fiedler
and Nye. The principal intake area is a north-south strip along the allu-
vium/limestone boundary about 12 miles wide. Most investigators seem
to agree that the structure zones, sinkholes, and solution channels in the
limestone create an ideal situation for water percolation. Bean (1949)
elaborated further on the fact that within the principal intake area itself,
recharge conditions north of Rio Hondo are more favorable than in the
southern part of the basin. This is due to the evaporatic nature of the
upper part of the San Andres Limestone in the northern part of the Roswell

basin.

1,4 Purpose of Study and Approach

No long term investigation of a ground water basin with the use
of bomb-produced tritium has yet been reported in the literature. Further-
more, no attempt has been made to include in any hydrologic tritium study
the atmospheric processes that control the amount of tritium which is added
to the ground water system during the period of natural replenishment.
These processes are the precipitation-tritium fallout relationship, and the
modified tritium concentration in precipitation that results from local
reevaporation,

Tritium tracing and dating methods are used in conjunction with
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standard hydrological and geological techniques which have been employed
in the study of the Roswell artesian basin for many years. The present )
study proposes to investigate the following major areas:

(a) Does the interpretation of the tritium data confirm existing hydro-
logical parameters?

(b) Can the analysis of the tritium data give rise to new information
about the hydrology of the Roswell basin previously not obtainable,

(¢c) Based on the results obtained, the benefit of future use of the
tritium tracing technique in the region is to be evaluated.

Any new contribution to the knowledge of the region's hydrology
depends on the ability correctly to correlate the tritium input with the
observed tritium-time profile at any observation point in the basin, The
problem is approached primarily from the experimental viewpoint. A
large number of tritium measurements of precipitation and ground water
is analyzed and interpreted. In addition, some known analytical models
are tested, The one-dimensional (time-dependent) dispersion equation
is solved using values obtained from the tritium data and some known
hydrologic parameters, to compare predicted tritium concentrations in
the basin with the observed concentrations. These equations were solved

using the IBM-360 Model 44 computer,
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2. SAMPLING AND DATA COLLECTION

As stated above, the purpose of this study is to bring forth a quan-
titative interpretation of tritium measurements. This is possible only by
using hydrologic, geologic, and meteorologic data obtained by previous in-
vestigations, The inherent disadvantage of an investigation of this nature
is that data taken at some distance away have to applied to the study area.
Although a long record of meteorologic data is not needed for this study,
the knowledge of tritium concentrations in recharge water to the aquifer
a few years before the beginning of the study is essential., Such data are
available from measurements of rain and snow samples collected near
Socorro since 1956. Such data are applied in conjunction with the known
precipitation distribution measured near Roswell. Tritium data of pre-
cipitation near Socorro missing due to dry weather or insufficient sample

volume were replaced by data from Ottawa, Canada.

2.1 Water Sampling, Locations and Procedure

Figure 2.1 is a map of New Mexico showing the location of pre-
cipitation collection stations and precipitation recording stations used in
this study. Tritium concentrations of precipitation are available for the

vicinity of Socorro only. The ground water sampling sites are not shown
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on this map. Most of the wells and springs sampled in this study are
located within the area on which the precipitation recording stations are

located.

2.1.1 Precipitation Stations. Precipitation samples were collected in

the vicinity of Socorro for the purpose of measuring their tritium activities.
Their relative location and elevation are shown on the cross section of
Figure 2. 2. The collection stations are as follows:

(a) Socorro - rain collector on roof of Workman Center, New Mexico
Tech campus, élevation 4635 feet. Snow samples were collected by allowing
snow melt to drop through the rain collector.

(b) Albuquerque - 75 miles north of Socorro, roof of Geology building,
University of New Mexico, elevation 5280 feet (not shown on Figure 2. 2).

(¢) Langmuir Laboratory - 18 miles southwest of Socorro, elevation
10, 500 feet. Large-surface rain collector which can feed ten one gallon
bottles in series.

(d) Mount Withington - 35 miles west of Socorro, elevation 10, 115
feet. Most of the samples at this station were composite samples of no
more than one week.
Langmuir Laboratory and Mount Withington are not accessible during
some of the winter months.

2.1.2 Condensed Water. Atmospheric moisture samples were collected

3 miles west of Socorro next to Merritt Mine, elevation 5110 feet {M-station,
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Fig. 2.2). Water was condensed with a portable dehumidifier unit (Navy
type CAJH-10306 built by General Electric Co.) at preset times. Depen-
ding on the relative humidity, 500 to 1000 ml were collected in 2 hours of .
operation.

2.1,3 Ground Water Samples. Sampling locations for tritium analysis

of ground water were selected according to the recommendations of the

New Mexico State Engineer in cooperation with the Ground-Water Hydrology
Dept. of this Institute. The project was initiated in order to gain informa-
tion on the response of the aquifer system to post-bomb tritium fallout.

Fach water sample consisted initially of 5 gallons, this was later
reduced to 2 gallons. If possible, wells were sampled during the irrigation
season. This procedure assured samples which would represent the for-
mation water, During shut-off, samples were taken, if possible, after
flushing each well with an amount of water equal to a few volumes of its
casing (the casing volume of a well 800' deep is about 1500 gallons), Some
irregularity in sampling intervals resulted from no flow conditions.

Sample collection between 1959 and 1962 was done in cooperation
with other investigators (Hood, 1963; Reeder, 1963). George E. Maddox,
USGS field office in Roswell, was responsible for sample collection from
1962 to 1966 (See App. E, F, and G for sample lists).

A description of each individual well is given in Appendix E (wells

sampled 1 to 10 times) and Appendix G (wells with 20 to 60 samples)
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together with the tabulation of tritium concentrations of each well.

2.2 Data Collection

In order to evaluate the hydrologic significance of the tritium data,
hydrologic, geologic, and meteorologic findings of other studies are used.
The information is needed for the understanding of the position of each well
relative to its neighboring wells, the type of hydrologic unit in which it is
completed, and the overall position of the wells with respect to the recharge
area. Meteorologic data are essential for the construction of tritium fallout
patterns over the study area,

The sources for the hydrologic and geologic data were reviewed
in Chapter 1.

2.2.1 Hydrological Data. Hydrologic data pertinent to the present in-

vestigation are presented in an equal transmissivity map (Fig. 2.3). The
map was constructed using results of pumping tests conducted by the Ground
Water Hydrology Department (now Department of Geoscience) of New Me:;ico
Institute of Mining and Technology (1956, 1966-1967) and various state and
federal agencies (W, K. Summers, personal communication, 1972). Two
sources of data frequently used are Hantush (1957), and Saleem and Jacob
{1971), especially in conjunction with ground water velocity calculations,

water budget, and recharge estimations.
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2,2.2 Geologic Data, The geologic data are presented in a generalized

geologic map of the Roswell artesian basin (Fig. 1.2) and two geologic
cross sections., The cross sections are in east-west direction with

some of the sampled wells projected on their plane. Figure 2.4 is cross
section AA' through the Oasis well (W, T. Clardy) just south of Roswell.
Figure 2.5 is a cross section BB' through the city of Hagerman. Most of
the sampled wells are located in an area between the cross sections or
just north or south of them.

2.2.3 Meteorologic Data. The monthly precipitation records were

assembled from the New Mexico section of the Climatography Tables pub-
lished by the U. S. Department of Commerce (1953-1968). The data for 7
stations in the Roswell basin and for Socorro are presented in Appendix D
(also see Fig, 2.1 for their locations). The data cover the period from
1953 to 1968. In hydrometeorologic studies a long record is desired for
statistical evaluation of data; this investigation, however, is concerned ‘
with short duration details which may have influenced local conditions
of ground water recharge. The density of the precipitation recording
network is about one gauge per 700 sq. miles.

Daily weather maps were used to evaluate sources of moisture

during particular times of high tritium concentration in precipitation.
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2.3 Well-Numbering System

Wells and springs referred to in this report are identified by the
location number system used in New Mexico by the U,S. Geological Sur-
vey and the New Mexico State Engineer. The system is based on the
common subdivision of lands into townships, ranges and sections (Fig. 2.6).

The location number is divided into four segments, e.g., 11-23-
12-344, The first indicates the township north or south of the New Mexico
base line, and the second denotes the range east or west of the New Mexico
principal meridian. The third segment is the number of the section within
the township, and the fourth segment indicates the 10-acre tract within
which the well or spring is located. All wells in the area under study are
east and south of the New Mexico principal meridian and base line res-
pectively.

In the discussion to follow some of the more frequently sampled

wells will be referred to by their owner's name.

2.4 Distribution and Type of Wells

In the investigated area, there are numerous irrigation, domestic
and municipal wells of different depths. Well location and classification

according to use is given by Saleem and Jacob (1971, pp. 165-166). About
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60 wells, completed either in the San Andres Limestone, Artesia Group
or both; and 14 shallow wells completed in the Alluvial aquifer, were
initially sampled for their tritium content, In addition, data for 7 springs
are presented together with the shallow wells. The location of each well
is shown in Figure 2.7. The number or name next to the well's location
refers to data listed in Appendices E-G. A small number of wells in the
vicinity of Ruidoso (Lincoln and Otero counties) which are included in
the tables are not shown on the map.

The wells are distributed in three counties: Chaves Co., Eddy
Co., and Lincoln Co., and are spread over an area of about 2160 square
miles.

Since 1962 the monitoring of tritium in well water has been limited
to 6 wells with the addition of Elk 1 (10-25-22-324) in 1964, These 7 wells
are designated by name in Figure 2. 7.

The criterion employéd in the selection of sampling wells requires
that each well not tap water of more than one aquifer unit., The wells in
the Quaternary deposits ('alluvial' or 'shallow" wells) are not deeper
than 300 feet, which is the maximum depth of this unit. Most of the deep
wells ('"bedrock! wells) are in the San Andres Limestone with few exceptions
where they are open or perforated through the lower part of the Artesia
Group. The shallower of the bedrock wells are either drilled in the ex-

posed San Andres Limestone or close to the boundary between the alluvium
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deposits and the limestone exposure. These are mostly wells west of
Range 23, The frequency of depth of production interval for the sampled .

bedrock wells is given in Figure 2. 8.
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3. TRITIUM MEASUREMENTS

3.1 General Background

The reliability of the hydrologic interpretation of isotopic data
depends on the accuracy of the actual measurements of tritium activities
in water. A careful effort was made to check and compare measurements
performed with various instruments and techniques during the study, Test
solutions of known concentration, obtained from the National Bureau of
Standards, were used for calibration and control. The laboratory also
participated in a comparison program by IAFA. In general, the method
used was the electrolytic enrichment of tritium followed by gas or liquid
scintillation counting. Natural deuterium, which is always present in
water (between 0, 0129 and 0. 0150 mole%), was used as the tracer for tri-
tium enrichment by electrolysis. About 80% of the samples were counted
with a low level background gas counter.

The various operations that were used for the assay of tritium
are outlined below. (See flow diagrams in Figs. 3.1 and 3. 2.) Similar
methods and comparisons between different laboratories were reported
by Kaufman and Libby (1954), Brown and Grummitt {1956), Ostlund and
Werner (1962), Ostlund et al. (1964), Bainbridge (1965), and Cameron

(1967). The theory of tritium enrichment and the apparatus for determining
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Figure 3.1 Flow diagram for the

multi-stage procedure.
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Figure 3.2 Flow diagram for the

modified multi-stage and periodic additions.
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deuterium enrichment are presented as supplementary material in
Appendices B and C. -
During the years when the reported data were measured, two
gas counters and one liquid scintillation counter were used, Three diff-
erent tritium enrichment systems and two methods for enrichment deter-
mination were also employed. Some of these techniques were in operation
concurrently, others were discontinued upon initiation of a new method.
Results obtained with different methods have different degrees of accuracy

and reliability that must be taken into account in interpretation.

3.2 Enrichment of Tritium by Flectrolysis

Tritium is a low energy beta emitter (0. 018 Mev maximum). The
low concentrations found in natural water require enrichment before meas-
urement. In principle, during a slow rate electrolysis the ratios of deu-
terium to hydrogen (D/H) and tritium to hydrogen (T/H) increase in the
residual volume of water. The heavy isotopes are discharged at the cathode
more slowly than ordinary hydrogen (Kaufman and Libby, 1954). Regard-
less of the electrolysis system used, there are two important factors
which affect the efficiency of tritium recovery: temperature and current
density. Electrolysis cells should be kept at low temperature to avoid
evaporation losses and a decrease in tritium separation factor. At high

temperatures the kinetic difference between the hydrogen isotopes (mass
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ratio T/D/H = 3/2/1) decreases. Current density during electrolysis
should not exceed 0,1 a.mp/cm2 to avoid overheating of the solution at.
the electrode surface (Brown and Grummitt, 1956). As the solution in

the electrolysis cell diminishes, the electrode surface in contact with

the solution becomes smaller and the current density increases. There-
fore it is important to adjust the current so as not to exceed the maximum
value at any time.

3.2.1 Multi-Stage Flectrolysis. This method of enrichment is based

on the work by Kaufman and Libby (1954). In the present study their pro-
cedure was modified when the original internal gas counter (sensitive vol-
ume = 0, 14 liters) was replaced by a new counter (sensitive volume =

1. 07 liters). With the installation of the new counter, electrolysis was

no longer carried out from an extremely large initial volume (2000 to
6000 ml) to a final quantity of less than one gram in 5 or 6 stages. In-
stead, in the new procedure, the initial sample volume of 500 or 2000 ml
was reduced to between 2 and 8 ml in two stages.

Original procedure. Electrolysis was performed in graduated
cylinders of glass (2000 ml, 500 ml, and 100 ml} and graduated centrifuge
tubes (12 ml, and 3 ml). The electrodes for all stages were made of
nickel (anode) and miid steel (cathode). The electrode assembliies were
held with rubber stoppers fitting the various cell sizes. To provide

sufficient electrolyte for electrolysis of each sample, 2% by weight of
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sodium peroxide (Na.ZOZ) was added at the beginning of each of the first

three stages. Na.ZO2 is reduced by the reaction
L -
HZO + NaZOZ - 2NaOH + 202 (3-1)

Sodium peroxide was preferred to sodium hydroxide (NaOH) because no
additional hydrogen is added to the sample. Samples low in tritium could
have been contaminated if the NaOH contained some tritium or exchanged
some of its hydrogen with tritium atoms present in the room atmosphere.

At the end of each electrolysis stage, the solution in the cell was very

basic (pH =14) and it was necessary to lower the pH to enhance the recovery
of any tritium which might have been bound as NaOT. This was done by

passing CO_ through the solution

2

2NaOH + CO, » Na,CO, +H,0 (3-2)

The separation of the salt from the water was done by distillation into
the next smaller size electrolysis cell. In the final two stages of elec-
trolysis, i.e., 12ml—> 3 gand3 g = 0.5 g, the electrolyte added to the
sample was 1% by weight and the distillation was done by a vacuum dis-
tillation technique.

Modified procedure. The number of stages was reduced to two,

Only two types of electrolysis cells were used: 500 ml and 100 ml volume,

respectively. The first stage was periodic addition of 2000 m! in portions
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of 400 ml to the electrolysis cell every time the volume decreased to
about 100 ml. After reduction of the whole sample to a residual volume
of 100 ml, it was neutralized with CO, and distilled into a 100 ml cell,
The final reduction wag continued to 6 ml, A few (low level) sé.mples
were reduced to 2 ml,

Fach group of cells (of the same volume) was placed in a con-
stant tem;perature bath of 5-7 OC, and the electrodes were connected in
series to a power supply which provided each cell with 3 volts. With
this system, the rate of electrolysis was 40 ml of water per day at a
current of 5 amp. During the first stage, 10 days were required to
reduce the volume to 100 ml per 500 ml cell. The current was reduced
as the electrolysis progressed to smaller volumes. At the final stage
of the large volume reduction, only 50-100 ma were used,

The enrichment factor (E), written in terms of volume/volume,

is given by

a/p

s = (D) |
o v /\o.015 v, (3-3)

where: To and T are the initial and final tritium concentrations: Vo

and V are the initial and final volumes of a sample; 0. 015 and D are the
initial and final concentration of deuterium of the sample in mole per-

cent, Appendix B gives a detailed discussion of the enrichment theory,
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Originally deuterium measurements were done in order to
determine the density of the enriched samples so that the residual weight/
volume ratio could be written in terms of volume/volume ratio (Equation —
3.3). The ratio B/a was assumed constant and equal to 2.1 1t 0.1 (after
Kaufman and Libby, 1954). After a long search through the basic data
available in this laboratory, it was concluded that although deuterium
recovery by electrolysis was constant for the same batch of samples,
conditions changed from one batch to the next. Meanwhile, other inves-
tigators had reported that the correlation between the tritium and deu-

terium enrichment during electrolysis is not in a constant ratio of their

separation factors, but rather that the ratio of the logarithms is a constant
log B/ loga=1.41 Y0.01 (3-4)

(Roy, 1962; Bigeleisen, 1962). Since B cannot be measured directly with-
out spiked samples of known initial tritium concentration, it was decided
to calculate the separation factor for tritium from the measured o for
each sample individually. The deuterium content of each sample was avail-
able, so the additional computations were not laborious. The only assump-
tion imposed was that electrolytic loss of tritium and deuterium are linearly
related.

Deuterium analysis was by the falling drop method. The apparatus
and the procedure for its operation are given in Appendix C.

Table 3.1 is a comparison between different initial and final
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Table 3,1 Tritium separation and enrichment factors

for different initial and final conditions of electrolysis,

LAB Initial and F'inal Conds. Enrichment

NO Vo (ml) Wig) V(ml) Vo/V B prx E

463A 940 0. 60 1253 8.7 1.87 1009
4724A 500 0.50 983 8.7 1.87 817
605A 2000 9.2 210 15.2 2.2 148
6871 500 2.5 164 13.7 2.1 114
690A 2000 7.5 205 16.6 2.2 149
9011 500 0.94 502 7.1 1. 77 211
9021 500 0. 88 515 6.6 1.73 202
9051 500 0.88 515 12.8 2.1 317
9061 500 1.06 339 16.8 2.3 241
9331 2000 1.08 609 8.4 1.86 285
980A 1000 2. 72 360 11.6 2.0 217
981 2000 0.91 1762 4.3 1.53 909
982 2000 1,28 1213 3.9 1.49 467
999 2000 2,66 677 10.8 2.1 369
1050 2000 9.0 170 15.0 2.2 121

1064 2000 8.1 188 15.3 2,2 134
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conditions of electrolysis and the resulting separation and enrichment
factors for tritium. It is clear that those samples which were electrolyzed
through 4 or 5 stages to one gram or less (VO/V>500) actually lost
tritium. All of the samples with residual volume larger than 2 ml had
consistently higher B-values (>10) and their average p/a= 2.14 1 0. 07,
Table 3.2, in addition to different initial and final volumes, shows the
reproducibility of results when the same sample was processed under
different conditions. Samples 913C and 913], enriched by the modified
electrolysis in two stages to 9.5 ml and 3,0 ml respectively, have the
highest tritium recovery. Samples 665A and 6651 were both reduced to
about 0.7 grams. The agreement in the determination of their initial
tritium concentration was within 4%. The difference in enrichment pro-
cedure was in the initial volume. The first stage reduction from 2000 ml
to 500 ml was omitted for sample 6651 which initially was 500 ml. This
indicates that the largest errors were introduced during the final stages of
electrolytic enrichment when the quantity of sample was small. The
source of errors could be one or a combination of the following:

(a) Current density was very difficult to control due to the very thin
wires used as electrodes in the last stage of electrolysis.

(b) Errors in weighing the small residual sample,

{c) Dilution of the falling drop samples required when VO/W was
large. The dilution was done by weight and involved samples on the order

of 0,01 to 0.05 grams.



45

(wdo g *¢&) punoadyoeq ydry Suranp pejunod ()

uorjeiiuleg prabry (¢)
‘SJUNOd Jo Jaguunu

1e303 pu® ‘SWN0A 9AIJOSIID S,I2JUNOD ‘JUNOD pUnoIJNoeq Ul SUOIJRIIBA WOI] paultuislop sem anjea ; (7)
IS - 1838191 (1)

() O Fotel W-5 <Oen 1°2 L'zl 0°¢ 006 1¢16
‘S 1 ez Amvmq --- 8°1 ¢°g 6 '0002 DE16
01§ .2 W-D BN G 1 £°¥ L1 0002 de16
LA W-D [Zel-e ¥ 1 1°¢ 201 ‘0009 VL6
RO A | W-9 (Ze}:0) 91 S ¥ ¥S°0 0002 ass9
" F o'sg W-D <oed 91 2 120 0002 g£89
T 7 62 W-D (ZeY-te! LT LS 09 "0 0002 vE89
29 I "06£2 W-D Hed ¥l 9°¢ 89 "0 006 1599

(z) SZ F '00ST D [Zelk:le S°1 6°¢ €.°0 0002 V599

(nI) JdAINNOD “ANOD 0/ g (T A BEm TwW)OA ON
"ONOD TVILINI DNILNNOD INIWNHOTINT avI

*S184]0130918 JO SUOLJIPUCD JBULy Pu® [BIIIUL

JUDIVIIIP JopuUn s3[Nsaa jo Anjiqionpordsy 7 ‘¢ o19%l



46

In summary, the multi-stage enrichment was an inefficient
and time consuming method for the concentration of tritium in water
because of the many steps of transfer and handling involved which also
introduced sources of error.

3.2.2 FElectrolysis by Periodic Additions (Batch Determination).

A batch of 10 electrolysis cells for periodic additions was used during the
latter part of the study (1971). The method was first introduced by Ostlund
and Werner (1962) and the cells are commercially available. The initial
volume of sample required was 250 ml which was reduced to about 2.5 ml
in two stages (3 amp and 0.3 amp). The advantages of this method are

that the sample remains in the same cell and does not require intermediate
treatment until electrolysis is completed. The sample is stored in a 250
ml drop funnel above the cell with only 50 ml of the sample in actual con-
tact with the electrodes. NaZ‘O2 served as the electrolyte (1.2% by weight)
and the constant temperature b-ath was maintained at 7.0 T 0.5 °c. During
the first stage, electrolysis occurred at the rate of 25 ml per day (72 amp-
hr), requiring 25 ml to be added on each subsequent day until the volume
was reduced to about 15 ml, At this point the second stage began and the
current was reduced. The electrolysis continued until the sample had
been reduced to about 2.5 ml. As in the multi-stage electrolysis, the
sample was neutralized with CO2 to prevent hydrogen or tritium from

being bound as NaOH, Vacuum distillation was done directly from the
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electrolysis cell into a weighing bottle. From the initial volume and the
weight of the residue, the volume/weight enrichment was determined,
The enrichment theory and equations for tritium determinations are
given in Appendix B.

The tritium enrichment factor for this method is calculated by
"spiking' one sample per batch with an initially known tritium concentra-
tion., From the known initial volume and final weight of the sample and
initial and final tritium concentrations in the sample, the value of B can

be computed
- ( 2 >
in Vo

S
n ( Vo> 5.5)

The g -value is then applied to the unknown samples in the batch and

their initial tritium concentrations are calculated (App. B). The spiked
sample was diluted from NBS standard No, 4926, During the first four
batches of operation the value of g increased from 8.6 to 16,1, due to
"aging' of the electrodes. From time to time a blank sample was put
through the enrichment process to check for any sources of contamination.
Only a small number (60) of the total samples measured in this
study were enriched by this method. In addition, electrolysis by periodic
additions was used for checking the overall accuracy of tritium measure-

ments by multi-stage electrolysis and the validity and accuracy of the



48

falling drop method. The overall system check was done by rerunning
samples which had previously been analyzed for tritium. The accuracy
of the falling drop method was checked by independently calculating the
enrichment factor of each sample by both falling drop and batch methods.
The results are compared in Table 3.3 Most of the samples were re-
duced to about 2.5 gm (VO/V = 100) and the deuterium concentrations
were between 0. 52 and 0. 62 mole%. Two samples, 1370 and 1367, were
reduced to about 1.6 gm (VO/V = 155) and their deuterium concentrations
were equal to 0. 95 mole%. The table also illustrates the degree of uni-
formity of the ratio B/ if the final weight is kept well above 1 gm.

The final group of samples in Table 3.3 are the standard samples
used for the batch determination of B. The initial concentrations were
computed from falling drop determinations of B/@ and the enriched tritium
concentrations, Their measured average value was 1625 125 T, U, as
compared to their calculated value of 1625 tioT. U

3.2.3 Evaluation ot the Methods. The efficiency of tritium recovery

by electrolysis can be calculated by the relationship

v T (3-6)

where all quantities are readily available. When the sample residue is
recovered by weight, the density of the sample is calculdted and V/VO =

-1
o) (W/VO). T 1is the time-corrected concentration of the enriched
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Table 3.3 Comparison between falling drop and

batch determination of tritium concentrations,

PERIODIC ADDITIONS

PERIODIC ADDITIONS WITH FALLING DROP
LAB Initial Initial
NO B conc, (TU) B8 B/c conc. (TU)
Ratch One
Blank 8.6 7.1 +0.4 9.2 1.9 6.8 + 0.4
605 8.6 48,0 + 4.3 12,3 2.1 41,1 +4.3
901 8.6 25.8 + 2.6 8.6 1.9 26,1 + 2.6
801 8.6 121.4 + 3.5 8.0 1.8 125.3 + 3.5
Batch Two
1365 10,7 8.4 +1.3 9.5 1.9 9.1 +1.3
1363 10,7 4.2 +0.6 12.1 2.1 4.1 +0,6
1369 10,7 17.0 + 3.9 11.6 2.0 16,6 + 3.9
1368 10.7 7.5+ 2.0 9.1 1.9 7.1 +2.0
1366 10.7 8.6 +1.0 8.7 1.9 10.5 +1.0

Batch Three

oo~ ON O N

1370 12.1 11.4 +1.2 12.3 2.1 11,3 + 1/
1367 12.1 19.3 +1.0 10.6 2.0 20,5 +1
1364 12. 1 15.6 +1.6 9.9 1.9 17.0 + 1
1371 12,1 110.8 + 1.7 11.2 2.0 113.8 + 1.
1372 12,1 126.2 +1.5 10.5 2.0 133,5 + 1,
1373 12.1 23.4 +1.6 10.5 2.0 24.7 31,
1374 12,1 137.6 +1.9 12,7 2,1 135.3 +1.
Standard Samples

Blank Socorro spring 9.2 1.9 6.8 + 0.
Std. 2-1 Spiked sample for 9.2 1.9 1589.9 ¢+ 3.
Std, 2-1 batch determination 9.2 1.9 1641,3 + 3.
Std. 2-2 diluted to initial con- 10.5 2.0 1630.3 + 4,
Std. 2-3 centration of 1625.0 12.3 2.1 1640.4 + 1.

+10. TU

O~ — O8N CC A
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sample. Table 3.4 is a summary of results for selected samples discussed
elsewhere in this chapter. The table should be inspected for three groups.
of data:

(a} Multi-stage enrichment with small final sample of about 37%
average tritium recovery. The variations are from 18% to 65%. p-values
for these samples are less than 10.

(b) Modified multi-stage enrichment with large final sample.

Tritium recovery was more uniform, about 60%. g -values for
these samples were calculated to be larger than 10 from the deuterium
enrichment,

(c¢) Enrichment by periodic additions with uniform initial volume and
final sample of about 2.5 gm. This group shows the most uniform results
in both tritium recovery and g -values. (The B -values in Table 3.4
were determined by the falling drop method.) Tritium recovery was 69%
and the average B-value was equalto 11.5.

Modified multi-stage electrolysis and by periodic additions are comparable
in efficiency. A spiked sample should be used to determine the tritium
enrichment factor for the modified multi-stage electrolysis. The falling
drop method is reliable, but is time consuming. It is important to notice
from the data presented in the tables that the ratio B/a is not constant as
reported by Kaufman and Libby (1954) but varies between 1.4 and 2. 2.

This observation agrees with Roy (1962) who found variations in
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B/a between 1.8 - 2.8, at a constant temperature of 0.5 0C, and Ostlund

and Werner (as reported by Roy, 1962) who obtained 1.6 to 2.5,

3.3 Tritium Counting Procedure and Devices

Two types of counters are used in measuring tritium activities:
Geiger-Muller low background gas counters, and liquid scintillation
counters. For maximum efficiency of counting, the low background
gas counter was preferred, although it is very slow. Because of the
backlog of enriched samples (stored in a freezer) liquid scintillation
counting was later employed. Some 200 enriched samples were counted
with the liquid scintillation counter and most of them had a counting rate
of about twice the background. After initial discrimination, low count
samples were counted longer in order to achieve the same level of stat-
istical confidence as in the high count samples. A large number of samples
that had been previously counted by gas counter were recounted by liquid
scintillation to assure reproducibility of results (Table 3. 7).

Both gas counting and liquid scintillation counting of tritium are
well known techniques, reported in the literature. The most comprehen-
sive contributions are by von Buttlar and Stahl (1962), Ostlund (1962),
Cameron and Payne (1965), Hoffman and Stewart (1966), Cameron (1967),
and Williams and Florkowski (1967), In the following sections only those

features of the method that are unique to this study will be discussed.
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by different methods of electrolysis.

SEPARATION

LAB % RECOVERY OF TRITIUM FACTORS
i L . E (%)

— — (1]

Vo "o T 54 8/
Multi-stage Electrolysis (original)
463A  0.60/940 12651/13 64, 6 8.7 1. 87
665A 0.73/2000 2874978/2506 41, 9 3.9 1.5
9021 0.88/500 95087/471 35,5 6.6 .73
913A 1. 02/6000 25667/24 18. 2 3.1 1. 4
913B 1.17/2000 11152/27 24,2 4.3 1.5
Multi-stage Electrolysis (modified)
605 A 9,2/2000 5060/34 67.5 15.2 2.2
6871 72796/645 56, 4 13.7 2.1
1050 9, 0/2000 12129/2000 54, 4 15.0 2.2
Periodic Additions
605 3.34/250 2332/41 75. 9 12. 3 2.1
1367 1. 52/250 2169/21 64,1 10. 6 2.0
1370 1, 72/250 1195/11 72.6 12, 3 2.1
1371 2.63/250 7302/114 67.6 11, 2 2.0
1372 2.24/250 9552/134 64.0 10. 5 2.0
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3.3.1 Gas Preparation, During the reported study, two different

methods were used in the preparation of the counting gas. The two gas
fillings were (a) acetylene and (b) hydrogen. The conversion procedures
of a water sample to either acetylene or hydrogen are outlined below:

{a) The acetylene counting gas (CZHZ) was prepared by calcium
carbide (CaC 2) conversion., The conversion of an enriched water sample

to acetylene followed the reaction

CaC, +2H,0 . Ca(OH), + C,H (3-7)

2 22

From the reaction vessel {(made of Pyrex glass) the evolved acetylene was
admitted directly into the counting tube. Samples used in this technique
were those enriched by multi-stage electrolysis where only a fraction of

a milliliter was available for counting, Between 0.2 and 0.3 ml of an
enriched sample was used for conversion. This quantity produced about

5 to 6 cm of CZHZ' Calcium carbide conversion was used with the 0, 14-
liter counter only. Argon was added to a total pressure of about 50 cm,
(At 4600 feet above sea level the average atmospheric pressure is 65 cm,)
The calcium carbide was discarded following each conversion and no addi-
tional sample was converted until the previous one had been counted. This
type of conversion had two major disadvantages: fractionation of tritium

i

during conversion and the introduction of solid particles into the counting tube
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with the evolving acetylene. Some of the tritium atoms were undoubtedly
bound in the solid residue as Ca(OT)(OH). By frequently repeating the
conversion of standard samples this effect was compensated for when the
activity of a sample was calculated. Cold traps between the counter and
the reaction vessel captured some of the solid contaminants, but many
hours of pumping were required until the counter evacuated satisfactorily.
Table 3.5 is a comparison between tritium concentrations measured

after calcium carbide conversion (C,H ) and after magnesium conversion

22

(H.). For those samples that were prepared by both methods, Mg con-

2
versions gave consistently higher results, The Ca.CZ method of gas

preparation was therefore discontinued and the results were corrected,
(b) Water samples were converted into hydrogen gas by reaction

o]
with magnesium at 600 C in an evacuated stainless steel furnace, according

to the reaction

600° '
H,O + Mg 0°C Mmgo+H, (3-8)

Figure 3.3 is a diagrammatic representation of the conversion system.
Since it is independent of the counting system, more than one sample
can be prepared at a time. The evolved hydrogen gas is trapped by
adsorption on activated charcoal at liquid nitrogen temperature. As
many as four samples per day were converted with the same filling of

magnesium. About 1,2 ml of sample was required for each conversion.
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Table 3.5 Comparison between results obtained

by CaC, and Mg conversions and recounts.

LAB TYPE OF COUNTER TRITIUM
NO  CONVERSION  CyHy Hy (liters) CONC. (TU)
716 CaC, 5.4 0. 141 30. + 14,
716 CaC, 4.4 0.14 42, + 4
753 Cac, 5. 05 0. 14 39. + 3.
753 Mg 12.5 0. 14 45. 1 3
780 CaC, 5. 1 0.14 32, ¢+ 3
780 Mg 7.7 0.14 55. + 3
804 CaC, 5.3 0.14 100. 3

804 Mg 12.7 0. 14 110. & 1
877 CaC, 5.8 3.+ 3.
877 Mg 16. 05 21. 1 L.
985 Mg 19.5 1.0 23. + 1.
985 Mg 20. 3 1.0 22. 1
1037 Mg 20. 5 1.0 468. + 6.
1037 Mg 20. 7 1.0 462. + 4

(1) The use of this counter was discontinued after the installation of
the larger counter.
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Figure 3.3 Diagrammatic representation of the conversion system.
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Oncea conversion was complete, the charcoal trap was removed from

the conversion system and transferred to the counting system. The
hydrogen gas was then released from the trap into the evacuated counter.
Hydrogen pressure inside the counter varied from 20 to 22 ¢cm. Quench-
ing gas (ethylene) and the control gas (argon) were then added successively
to a total pressure of about 33 cm. The ratio of ethylene to argon was

2 tol, The three gases were allowed to mix for about 60 minutes be-

fore beginning to count. Blank samples were converted between samples
of high tritium concentrations to check for possible contamination in the
magnesium. No memory effect was observed. Magnesium conversion gave
both higher and more consistent results than calcium carbide conversion
(Table 3. 5).

3.3.2 Gas Counting, Two internal gas counters were used in the

detection of low level tritium. Both counters were operated in the

Geiger region and had a ring of anticoincidence wires inside their gas
filled volume. The use of the first counter (effective volume = 0. 14
liters) was discontinued upon the installation of a larger counter (effective
volume = 1. 07 liters).in 1966. The stainless steel Geiger counter of

the Oeschger type was designed and built by Dr. C. R. Holmes of this
Institute. Table 3.6 presents the main features of these counters. The
old counter was limited to 5 samples per week whereas the new counter

could handle up to 10 low level samples per week.
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Table 3.6 Gas counting devices,

structure and performance.

FEATURES OLD COUNTER NEW COUNTER

Geometry

Length of center wire (cm) 26.0 30.8

Total volume (cm3) 1760. 4410,
Calculated sensitive volume (liters) 0.213 1. 070
Gas Filling

Synthesis CaC, Mg
Counting gas (cm-Hg) CpH, (4.5-6.0) H_(20,0-24.0)
Quenching gas (cm-Hg) CH, (8. 6)
Plateau control (cm-Hg) Ar(45.0) Ar(3.5)

Special Features

Sensitive volume envelope stainless steel Electrostatic field.
Electronic quench  =m=---- Both center and anti-
coincidence tubes

Counter Performance

Operating voltage: center count (volts) 1650 2000
anticoincidence (volts) 1750 2250

Plateau: length (volts) 100 175

slope (%) 3 2
Background (cpm) ) 2.1 To.10 ) 2.0 1 0.05 2
Measured sensitive volume (liters) 0.144 T 0,010 1.02 T o, 04( )
Efficiency of sensitive volume (%) 69 95
Overall counting sensitivity for n

+
unconcentrated samples (TU/cpm)} 20100 I 1600 600 T 25

Minimum counting sensitivity for 20 + 5

concentrated samples (TU/cpm)
Stability Background samples were counted for
80 hours (total 10, 000 net counts) with-

out decomposition of the counting mixture.

(1} Average over 3 years
(2) Average over 2 years
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Figure 3.4 General view of the major components of the gas counting
tube.

A. Stainless steel canister.
B. Anticoincidence array and counting volume assembly.
C. End plate with gas filling and electrical attachments.
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Figure 3.5 Details of the counting assembly and end plate of the gas
counter.

et B R D09 FRh D 0 O T

.

.

Array of 12 anticoincidence counters mounted in
Teflon insulators.

Anode wire (center counter).

Guard electrode to anode wire.
Cathode wires, counter's outer wall.
Counter wall.

Support rod and Teflon insulators.
O-ring - end plate.

Gas inlet.

Anticoincidence spring-plug.

Ground spring-plug.

Anode (center counter spring-plug.
Guard electrode spring-plug.
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In general, the operation of the gas counter in the Geiger
region is based on the fact that with the proper gas mixture and voltage
a single ion pair produces a discharge of a magnitude that depends only
on the characteristics of the counter. In the operation of a Geiger
counter, there exists a threshold voltage below which ionization is in-
significant. By increasing the voltage above threshold, the counting
efficiency increases rapidly. Beyond this is a plateau which extends
over about 150 volts, depending on the tube's performance. In the
plateau region, the counting efficiency does not increase as the voltage
is raised. Above this the tube may go to continuous discharge after
which the anode and cathode wires have to be replaced.

After the reduction of water to hydrogen gas and the addition
of a quenching gas (CZHZ). and inert gas (Ar) to control the plateau, the
appropriate operating voltagg is applied. Counting time is determined
by the activity of the sample. The counter is shielded from environ-
mental radioactivity and the soft cosmic ray component of the back-
ground by 73 inches of steel. The high energy cosmic rays, although
not eliminated by the metal shield, are subtracted from the aample
count by an anticoincidence circuit connected to a ring of 12 coamic ray
counterg surrounding the sensitive volume,

The anticoincidence array and the aensitive counting volume
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are enclosed in a single stainless steel canister, Cathode wires take
the place of a conventional counter's walls.

Figures 3,4 and 3.5 present a general view and construction
details of the counting tube. The main parts are listed on the title page
of each figure. The plates on which the anticoincidence anode wires are
mounted are also stainless steel with Teflon insulators for each wire.
The tube was designed to operate below atmospheric pressure. All of
the anticoincidence tubes and the center counter are defined by stainless
steel wires. The stainless steel cathode wires are 140 ¢ in diameter
(304 Nilstain, B, Driver Co., Newark, N.J.) and the center Kovar
wire is 61 4 in diameter.

Since the radioactive decay process occurs randomly, the
successive disintegrations of tritium in the counter are not evenly spaced
in time. After each count, an electronic quench circuit makes the
counter insensitive to any other.ionized particle by dropping the voltage
below threshold. This interval is known as the '"dead time'' of the
counter. By calibration of the counter with standard samples of known
activities, correction was made for the loss of counts due to electronic
quenching. With this type of equipment, minimum background and
maximum sensitivity was obtained.

3.3.3 Liquid Scintillation Counting. About 200 enriched samples
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(LAB NO higher than 1050) were counted with a Packard, Tri-Carb
Spectrometer, Model 2111. The measurement technique for low level
beta radiation by liquid scintillation counting has been described by many
investigators. A summary was given by Rapkin (1963), and Watt and
Ramsden (1964).

The most suitable scintillator for water samples was found to
be as follows (quantity per batch of 150 samples): 1000 ml toluene;
500 ml Triton X-100; 8.25 g. PPO (2, 5-diphenyloxazole); and 0. 25 g.
dimethyl POPOP. All are available commercially. Scintillator solution
was prepared well in advance and was kept in the dark to eliminate
chemiluminescence which was observed following the preparation of the
scintillator solution. Water to scintillator ratio was 1/10. Samples
were counted in vials of glass low in potassium. High and low level
standards and background samples were counted alternately with unknowns.
The background was about 20 cpm and the overall counting efficiency for
tritium was 20%,

A few samples which had previously been measured with the gas
counter were counted again by liquid scintillation counting. Table 3.7 is a
comparison between gas and liquid scintillation counting. The enrichment
factor for each sample is also presented. Most samples are in good agree-
ment, Two low count samples (924 and 925) were measured by gas counting
during a period of high background (= 3 c¢pm); this may explain the large

discrepancy in the results.
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Table 3.7 Comparison between gas

and liquid scintillation counting.

LAB  ENRICHMENT GAS COUNTING LIQUID SCINTILLATION
NO B g/a FACTOR COUNTING

924 4.9 1. 6 584 21. f'z4.(u 32, T s,

925 3.8 L5 591 18, t23, 1 33, & 6.

1050 15.0 2.2 121 100. T 3, 99. ¥ 8.

1057 6.2 1.7 67 142. 1 14, 130. * 5

1060 7.2 1.8 72 171, + s, 172. T 10.

1062 1.3 2.0 123 108. T 3. 113. T 8.

1064 15.3 2.2 134 164, T 3, 154. F 8

1067 26.1 2.6 122 141. T 3, 151, ¥ 8,

IAEA Samples (Florkowski et.al. 1970) (2)

1202 13.0 2.1 109 22, T 2 5. + 5
1203 16.9 2.3 126 50, + 3 59, T 5,
1204 10.8 2.0 113 200. 1 5 210. T 7.

(1) Counted during period when background = 3.0 cpm.
(2) The true values from intercomparison are: 1202 = 9,7; 1203 = 44.;
1204 = 244, T, U.
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In low-level counting, the counting time that will yield a certain
statistical accuracy must be determined. The standard deviation of a .

sample is given by (Williams and Florkowski, 1967):

2 2 Rg + R R
Ug =\/0' oy ~\/:§--———"b + =°
G T Ty, (3-9)

where, is the gross standard deviation (unknown sample plusback-

oG
ground), o b is the background standard deviation. Ry and R are the
counting rates of the sample and background, respectively. TG and Tb
are the counting times for the gross count and background, respectively.
The percent error in Rs (at the 68% confidence level) is defined as

100
a = s

R, (3-10)

then by substituting Eq. (3-9) into Eq. (3-10)the required gross counting
time can be determined. Most samples were counted for at least 150

minutes to achieve less than 10% counting error.

3.4 Gas Counter, Calibration and Errors

Because of its special construction, the internal gas counter
has no solid wall between its sensitive counting volume and the volume

occupied by the array of anticoincidence tubes. The effective counter
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volume is confined by the guard tube ends (Fig. 3.5c) at top and bottom
and the array of cathode wires (Fig. 3,5e) that provide an electrostatic )
wall at the periphery.

For precise absolute determination of the tritium activity of a
sample the effective volume of the counter was determined periodically.
The determination was done with a sample of known tritium activity
(diluted from NBS standard No. 4926) once every two weeks. The deter-
mination of the effective volume was always followed by a background
count, After one year of operation, the effective volume and the back-
ground count stabilized at 1. 008 T 0.046 liters and 2.02 + 0,06 cpm,
respectively. This is about 94% of the geometric configuration of the
sensitive volume. These numbers are based on a long time average,
Ordinarily an average value of effective volume and background counting
rate are assigned to each group of samples measured between consecutive
calibrations. These calculations and the computer program used were
presented elsewhere (Rabinowitz, 1969),

In determining the uncertainty of each sample two possible
errors were considered: (a) counting errors; (b) the error inveolved in
the determination of the effective volume which also includes the vari-
ations in background count. The variations in background count affected
the error determination the most. In periods of high background sam-

ples were not counted. However, two weeks was the minimum time
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between calibrations; high background was sometimes observed at
the end of the counting period.

The accuracy for samples with tritium content below 20 T. U,
was, at best, j‘ 10%. Some high activity samples (=100 T, U,) are
reported with a 25% errof of determination as a result of improper
handling.

Table 3.7 includes the results of an interlaboratory comparison
of analyses of tritium in natural waters. The project was carried out by
the International Atomic Energy Agency, Vienna, Austria. The samples
were enriched by modified multi-stage electrolysis and were counted by
both gas and liquid scintillation counters. The measured tritium concen-
tration of sample LAB NO 1203 was in excellent agreement with the
mean value reported by all the 35 participating laboratories. The dis-
crepancy in the low value sample (10 T. U, ) was 100% and in the high

value sample 20%.
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4. RESULTS

4,1 Introduction

In this chapter the tritium data are presented and interpreted.
The measured tritium concentrations are tabulated in Appendices E
through I. The data are divided into the following four categories:

(a) Short-record observations of tritium content in well water
(1-10 samples per well), Data compiled in Appendix E for deep wells
and Appendix F for shallow wells and springs.

(b) Long-record observations of tritium content in well water
{20-60 samples per well). Data are compiled in Appendix G, sections
G.1 to G. 7.

(c) Variations of tritium concentration in precipitation as a function
of time and location. Data compiled in Appendix H.

(d) Tritium concentrations of atmospheric moisture. Datfta compiled
in Appendix IL.

Data points on each map or graph which will be presented are
tabulated in the appendices. In addition to its laboratory registration
number (LAB NO), each sample is assigned a sequential number (NO)
within its group. The location of each well can be identified on the maps

by its NO and type (bedrock or alluvial)., The tables also include additional
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information about well depth, casing, and flow or pump conditions at the
time of sampling. For wells with a large number of observation pointg
a more detailed description of the location, physical parameters of the
well, and special remarks are provided at the beginning of each table.
Tritium content of precipitation samples is listed in the daily
order in which the samples were collected, regardless of the location.
The type of precipitation (rain, snow, or hail) is also given.
The data are presented and discussed separately for each

sample category.

4.2 Tritium Concentrations in Ground Water

Short-record observations were used mainly for determining
the tritium concentration at the beginning of the study. A single obser-
vation of tritium content does not allow a quantitative examination of
the tritium-time profile at a point in the region. As previously men-
tioned, most of the wells in the short-record category were sampled in
conjunction with other investigations. The majority of the wells are
located between the exposure of the San Andres limestone to the west
along R. 18 E., and the Pecos River to the east, and between Salt Creek
to the north (T. ¢ S.) and Lake McMillan to the south (T. 19 S.). See

Figure 2.7,
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Long-record observations spanned the years 1961-1968 and were
limited to seven wells, With one exception, all have their source of
water in the San Andres aquifer. These wells are located at different
distances with respect to the San Andres-Alluvium boundary. From the
available hydrologic data (Fig. 2.3), they are completed in sections of
the aquifer of different transmissivities. As used in this study, the ferm

deep or bedrock wells refers to those completed in the San Andres Lime-

stone or the Artesia Group. Shallow or alluvial wells are completed in

the Alluvial aquifer.

4.2.1 Short-Record Observations. A large number of wells were

sampled for their tritium content in 1959 and 1961, During late 1966 and
early 1967 samples were collected during pumping tests which were con-
ducted by New Mexico Institute of Mining and Technology. The data are
presented here by maps on which the geologic boundary between the Per-
mian San Andres Limestone and the Quaternary Alluvium is drawn. The
precipitation-measuring stations are also shown on these maps. Most

of the recharge to the San Andres Limestone takes place by precipitation
falling directly over its outcrop. Some of the tritium data were previously
reported by Reeder (1964).

Tritium Distribution in Deep Wells - 1959, In Figure 4.1, each

sample is labeled by the well NO, next to it the measured T, U,, and the

month during which the sample was collected.
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There is no information on the levels of tritium in New Mexico
precipitation prior to the injection of man-made tritium into the atmos- -
phere. From a few measurements conducted in Chicago, Illinois
(Begemann and Libby, 1957) and Ottawa, Canada (Brown, 1961), the
average ""pre-bomb’’ level must have been about 10 T.U. When examining
the areal distribution of tritium, this number should be kept in mind. Tri-
tium content of ground water decreases by radioactive decay as the water
moves down gradient from the recharge area. In addition, mixing and
dilution, due to hydrodynamic dispersion, take place between the incoming
water and the older water of the aquifer. Theoretically, precipitation
with tritium content of 10 T, U., which fell west of R. 22 E., will show up
as ground water having a maximum concentration of about 5 T. U. after
12. 3 years.

Figure 4.1 reveals the presence in 1959 of "post-bomb' tritium
in many of the sampled wells. Since sampling was not restricted to a
particular aquifer horizon, the presence of tritium also indicates vertical
distribution. (From the geologic cross sections, Figures 2.4 and 2.5
and the information given in Appendix E, the stratigraphic elevation of
each sample can be determined.) Well depth varies from 85 feet (well
NO 13 in T. 10 S., R. 23 E.), to about 1380 feet (Pollard well T. 15 S.,

R. 27 E.). Water samples taken in 1959 represent four aquifers in the

basin: Yeso Formation, Glorieta Sandstone, San Andres Limestone, and
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the Artesia Group. Tritium concentrations varied from 3. t 5. to 145.
ti. T.U
Wells NO 11, 12, and 19 produce from the Yeso formation (flogr E
3 gpm). These wells vary in depth from 650 feet {NO 12) to 900 feet (NO 19).
The surface elevation of NO 1l and 12 is higher than 5500 feet. The wells
were sampled within one month and all three exhibited tritium concentra-
tions well above the natural levels. Along the Rio Ruidoso, which even-
tually becomes the Rio Hondo, the San AndresLimestone is eroded and
the Yeso Formation is exposed. The same situation exists between the
Village of Hondo and Picacho. The appearance of post-bomb tritium in
these deep wells indicates induced recharge to the Yeso Formation along
the Rio Ruidoso. Although the tritium-concentration gradient is in the
expected direction, the only conclusion with regard to the three wells
is the apparent infiltration time of their water. The first series of
thermonuclear-bomb testing in the atmosphere took place in the spring
of 1954, therefore, the maximum infiltration time of water in the Yeso
Formation along the Hondo valley is 5 years.
One other well which is not in the San Andres limestone is NO 3.
The well is 603 feet deep and penetrates at least the Glorieta Sandstone.
At this location the Glorieta is very thin (cross section Figure 2.4) and
the water could very well come from the Yeso Formation below. FHowever,

here too, tritium content is at least twice as much as the natural levels.
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Woods well, 4 miles to the southeast, which penetrates 435 feet into the
San Andres Limestone, was sampled on the same day. Both wells had
the same tritium concentration 22. '_[' 3. T.U., The observed tritium in
both wells could have been derived from the same source or from two
different tritium peaks.

The wells which lie along a north south trend, parallel to the
boundary between the Limestone and the Alluvium, all produce from the
unconfined part of the San Andres Limestone. These wells are clustered
in three groups: (a} Woods and NO 21 with depths of 435 and 630 feet.
respectively; (b) Patterson Bros. and NO 13, 22, 27, and 28 produce
from between 300-665 feet; (c) the southernmost wells NO 36, 37, 38,
44, and 45 vary in depth from 600 to 810 feet below the surface. Well
NO 31, although producing from a depth of only 300 to 306 feet,was re-
ported to be flowing at a rate of 1800 gpm. All of these wells had higher
than natural tritium content. West of the San Andres/Alluvium boundary,
three wells NO 21, 31, and 37, had exceptionally high tritium levels of
101., 113., and 61. T.U,, respectively. Each ground water sample is
representative of a certain vertical section of the aquifer (e.g. in NO 21
the water column in the well was 90 feet) therefore, 100 T. U, is a high
concentration because of the dilution effect. Tritium peaks in precipita-
tion prior to 1959 were less than 1000 T, U, and averaged about 150 - 200

T, U. (Appendix H).
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Since the horizontal distance between the wells along the north
south line is small, with the assumption that the tritium observed was
derived from the same source (i.e. tritium high of April - June, 1958)
an equal T. U. line or isochron may be drawn. Thus, the distribution
of tritium concentrations along the western boundary of the confined-
unconfined conditions in the San Andres aquifer may be interpre‘;ed as a
tritium peak, with maximum residence time of one year moving eastward.

The wells along the Pecos River all penetrate the San Andres
iumestone. NO 14, Clardy, Wiggins, and Pollard are 800, 843, 1150, and
1380 feet deep, respectively, and sampling was done under flow conditions.
The three wells near Artesia are also deeper than 1000 feet. NO 14 is
reported to be in the Grayburg Formation which overlies the San Andres
limestone. North of T. 16 S.(Fig. 2.7), the well samples show the
presence of recent recharge (1954 or younger) because of their higher
tritium content. Based on one observation per well, the high tritium
values in Wiggins and Pollard cannot be positively identified whether tl%ey
belong to the up or down concentration gradient of a tritium peak. How-
ever, the relatively low values observed in Clardy and Allison suggest
the down gradient of the passing peak. This conclusion agrees with the
high transmissivity values in that part of the basin (Fig. 3.3). South of
T. 15 S., east of the recharge boundary, the observed levels of tritium

are low (NO 40 excluded). These levels are somewhat higher than the
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June 1957 measurements reported by von Buttlar (1959). He reported
three tritium measurements in wells (located in sec. 14, T. 17 8., R.
26 E.) at different depths: 1050, 240, and 90 feet; which had L. 5, 1.7,
and 5.1 T.U. respectively. (From the information about the location
and depth, the deepest sample could have been taken from well NO 47.)
Thus, in 1959, post-bomb tritium had perhaps reached the deep wells
near Artesia but to a lesser extent than in the northern wells.

The 1959 survey shows that the tritium content in the basin was
higher than the pre-thermonuclear levels. Precipitation since 1954 had
begun to circulate throughout the deep limestone aquifer. Thus, the
residence time for ground water in the northern part of the Roswell basin
must be of the order of 5 years or less. In the southern part, some of
the tritium levels are possibly of pre-bomb (cosmic) origin. The resi-
dence time must be of the order of 5 years or more.

Trends in 1959 data. The distribution of the 1959 tritium con-

centrations in the basin indicates the following:

(a) A tritium high in the western part of the basin.

(b) A tritium high in wells along the Pecos River.

(c) Lack of tritium in the southern low permeability portion of
the basin.
Analysis of the data, to be discussed in Chapter 5, correlates the western

peak to the atmospheric tritium peak which occurred in} 1958, and the eastern



79

peak corresponds to the atmospheric high of 1954, Thus, the dominant
direction of ground water flow north of T. 15 8. is west-east. This con-
firms earlier studies.

Tritium distribution in deep wells - 1960/1961. (Fig, 4.2) Some

new wells were added to those sampled in 1959. During October 1960,
a sample was taken from well NO1 T. 6 S., R. 24 E., (production inter-
val 614 - 640 feet). Its tritium content measured 104, T 5. T, U, In August
1961, it was only 5. T 2. T.U. Thus, after the passage of the high tritium
slug, tritium levels returned to below the natural content of precipitation.
This suggests the possibility of older water leaking from the deeper hori-
zons of the aquifer.
Well NO 8 was flowing under artesian pressure, it is located in
a region where high salinity water was produced from the San Andres
Limestone. In spite of this mixing, the tritium concentration was 47. T, U.
The following discussion is related to tritium observations north
of T. 16 S. There are three trends of tritium variations which could
imply the presence of at least three tritium pulses. They are as follows:
(a) Wells NO 2, 9, 13, and Patterson Bros., north of the Rio Hondo,
which were sanp led from April to August, show a gradual decrease in
tritium concentrations. The levels in tritium content varied between

60. T.U. and 4. T. U,
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(b} Clardy, Allison, Wiggins, and Pollard wells, south of the Rio
Hondo and along the Pecos River, were sampled between August and
November and showed a sharp increase in tritium concentration (=100 T, U, },
followed in some cases by an equally sudden decrease even to below pre-
bomb levels.

(c) Wells NO 23 and 30, in the center of this northern part of the
basin, sampled between August and November, also showed relatively
high tritium content during these months. The rise continued into 1962.
To clearly understand why these trends are indicative of three tritium
pulses between the outcrop of the San Andres limestone and the Pecos
River, the direction of flow and distance between the groups of wells
should be considered. The ground water flow in the limestone aquifer
north of the Rio Hondo has a very strong southeast component (Motts and
Cushman (1964)). In the vicinity of Wiggins, NO 23, NO 30, and Pollard,
the flow is from west to east (Motts and Cushman, 1964). The assumption
of two different tritium pulses, observed at NO 23/30 and Wiggins/Polla:rd,
is substantiated by examining the tritium data of these wells in Appendices
E and G. Both NO 23 and 30 had high tritium content (2200 T, U,) as early
as February of 1962 (the corresponding rise of tritium levels in Wiggins
and Pollard did not take place until about 8 months later). As will be
shown in Section 5, 3.1 the time delay of tritium arrival and the distance

between these two groups of wells are in accordance with the calculated



regional ground water velocity. In addition, along north-south lines,
the tritium concentrations are uniform; this strongly suggests an east-
ward direction of tritium migration and hence of ground water move-
ment in the San Andres Limestone.

Tritium concentrations in wells south of T. 15 S, are consistently
lower than those measured near Roswell or Hagerman. The sampling dates
(1959, 1961) and the areal distribution of these wells (NO 36 through 54)
preclude the possibility that a tritium peak passed through this part of
the aquifer between these dates and remained undetected. As indicated
by Figure 4.2, the tritium content did not rise with respect to 1959, with
the exception of well NO 45.

Trends in 1961 data. Compared to 1959 (Fig. 4. 1), additional

rise of tritium concentration was observed in the northern part of the
basin. Three different types of tritium variations were observed. Wells
in the basin north of Rio Hondo showed a gentle decrease. Wells located
close to the Pecos River showed a sudden rise and equally sharp decr-ease.
The wells further to the west (NO 23 and 30) showed a different magnitude
of tritium levels. Thus, the distribution of tritium peaks over the basin
matches the two different flow directions suggested by Motts and Cushman
(1964). The peak of well group (a} above is younger than the peak observed
in group (b). The peak of wells (c) is also younger than the peak in group
(b). The relative age of peaks in groups (a) and (c) cannot be ascertained

from these data,
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The sharp tritium peaks in ground water may represent an
unmixed flow system (slug type flow through solution channels ?). This
would seem necessary to explain the observed drop in Wiggins well from
182. to 0. T.U. in one month.

In the southern part no increase in tritium concentrations was
observed., The difference of this southern region with respect to the
measurements north of T, 16 S. probably is due to a lower permeability
in the San Andres aquifer (Motts and Cushman, 1961).

Tritium distribution in springs and alluvial wells - 1961. Four

springs and six wells were sampled once during 1961 {Fig. 4.3). The
springs (NO 2, 4, 5, and 8) all discharge from the Quaternary Alluvium.
NO 4 and 5 are in the thinner part of the alluvium and show 25 and 53 T. U.,
respectively. The only clear trend of tritium observations in these springs
is the decrease in concentration. with increasing distance from the
Alluvium-San Andres boundary to the west.

The shallow wells, NO 9, 11, 12, and 13, are located along the
Pecos River. The recharge to the shallow aquifer is such that the tritium
content of a water sample may have its origin in direct precipitation over
the area, irrvigation water from the San Andres Limestone, or upward
leakage from the deep aquifer. For wells close to the Pecos River, the
tritium content may even be representative of the river water. The

thicker part of the alluvium (about 300 feet) is toward the Pecos River
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and the sampled wells penetrate different horizons. The only clear trend

in these wells is a tritium decrease with depth, as shown in the follc;wing

tabulation:

Well Production interval Tritium concentration
(feet) ( T.U.)

NO 11 12 - 135 106. * 3.

NO 13 water level 25' below surface 65, * 5.

NO 12 89 - 95 44, T 4,

NO 14 70 - 200 31, T4,

NO 9 235 1. T3,

NO 10 262 52. T 2.

The discrepancy in tritium concentrations between NO 9 and NO 10, which
are about the same depth, could be due to location because well NO 9 is
east of the Pecos River. Although the water level in well NO 14 was

only 70 feet below the surface, its tritium concentration was relativefy
low. This may reflect the observed low tritium content of deep water in
the southern part of the basin.

Tritium distribution in bedrock wells - 1966/1967. 'Fig. 4.4) In

addition to the regular sampling program, samples were collected following
pumping tests between December 1966 and February 1967. Sampling was
done at the end of each test after 3 acre-feet had been pumped. Tritium

levels in deep wells did not rise during 1967 and in fact returned to those
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observed during 1959. A tritium ''sweep', from west to east, is indi-
cated in Fig. 4.4. Wells NO 24, 29, 32, 33, and 34 west of the Pecos
River already have lower values of tritium than the wells along the
Pecos River or around Roswell. The neighboring wells (e.g. NO 32/33,
Wiggins/NO 25 etc.) are no more than one mile apart and were used as
mutual observation wells in pumping tests. Here too, along north-south
lines tritium concentrations are very similar.

4.2.2 Long-Record Observations. Seven wells were sampled from

1959 to 1971 (Fig. 4.5). Sampling interval was most consistent between
1961 and 1968. The information about each well is given in Appendix G
together with the listing of the individual tritium measurements. Also in
Fig. 4.5 are four wells (numbered) which were previously discussed and
for which the data are given in Appendix E. The additional four wells,
although sampled for tritium only five to nine times, are key wells with
respect to their location and the period during which samples were col-
lected. These wells are located between the seven wells and the intake
area. They were sampled at the end of 1961 or the beginning of 1962 when
large tritium pulses were first observed. They are used in tracing these
pulses from the recharge area to the Pecos River.

Successive water samples were collected at unequal time inter-
vals and some had to be discarded due to analytical errors. Therefore,

the data have been smoothed with a bimonthly moving average where
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gaps between successive samples did not exceed 5 months. Each point
in the tritium-time series is replaced by an average value between itself
and the following value. Fig. 4.6 is a comparison between the raw and
the smoothed data for the Wiggins well. The comparison indicates that
this does not distort the peaks nor shift them in time. An effect on the
actual magnitude of the data is noticeable only for the very high tritium
levels,

The data are presented in Figures 4.7 to 4. 13, The scale, T, U.
vs. time (in years), is the same for all wells. All seven wells are shown
on the geologic cross sections in Figures 2.4 and 2. 5.

H. L. Woods well. (Fig. 4.7). Combkined samples from two wells

without overlap. Woods (2) was drilled about 100 feet from the original
windmill and was completed October 1964. With the exception of the
sample taken during that month no break in trend was observed, Tritium

concentrations before and after the change in well were as follows:

Woods (1)
July 53. + 3. T.U.
September 87. +13. T.U.
Woods (2)
October 112, +18, T. U,
December 42. + 2. T. U,

Woods (2) was drilled 140 feet deeper and a pump was installed. It will
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be shown later, from comparison in trend between this well and others,
that for all practical purposes the change in location and depth could
have passed unnoticed.

The well is located on a cattle ranch in the outcrop area of the
San Andres Limestone where the ground water is unconfined and more
than 500 feet below the surface. Since the Artesia Group is missing
there is no downward leakage of water derived from another source.
Only about 2500 gallons are pumped daily. Possibly the most important
use of this well is in the observation of tritium variations in time, undis-
turbed by seasonal variations of pumping.

By examining Figure 4.7 and the data in Appendix G it is clear
that soon after the arrival of the first tritium pulse (early 1962) tritium
levels remained well above background. Only after the 1966 peak did the
tritium levels drop back to a consistently low level. The highest tritium
concentration measured was 730. 132, T. U, in July of 1963, A sample
taken October 1971, from another windmill 4 miles west of Woods yielded
the same concentration as Woods, 10. * 1. T,U. The three main features
of the profile are a strong increase in tritium concentrations lasting
about 23 years, followed by two peaks in 1964 and 1965/1966.

Although tritium levels in this well might be expected to have
risen earlier than in wells near the Pecos River, this was not the case.

The reason will later be found to reside in different recharge areas for
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these two portions of the basin and different transmissivities {Section
5.3.2).

W. T. Clardy well. (Fig. 4.8). Sometimes referred to as the

Oasis well, it is the best artesian well in the basin., The well is 280
feet into the San Andres limestone with the bottom 200 feet as an open
hole. (This well bottoms about 1000 feet lower than Woods.) Here too,
conditions changed due to the installation of a pump in May of 1963,

On two occasions in 1963, the well was sampled twice during
the same month., On the 3rd and the 26th of April the values were
119. T 7. and 48. T 7. T.U., respectively. On the 3lst of May two
samples were collected on the same day and their values were 90. t 3.
and 81. T 12, T.U., respectively, The sharp drop in tritium concen-
tration during April was the natural trend of the concentration pulse.

No samples were collected between June 1963, and February
1964, Well NO 16, Appendix E, which is located one mile from the Clardy
well was sampled at three different depths on November 22, 1963. Tha;.
sampling was done under flow conditions, and the sample from 793 to
853 feet had a concentration of 272. ¥ 7. T.U. This depth is at the same
horizontal elevation as the Clardy production interval. Thus, the sampling
gap in the Clardy well hides a strong tritium peak rapidly passing through.
Tritium measurements of samples taken during the 1966/1967 series of
Pumping tests in this area indicated no north—south gradient (Fig. 4.4,

wells NO 15, 17, and Clardy).
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B. T. Allison well. (Fig. 4.9). The well is 678 feet deep and

mainly produces from the Grayburg-Queen formation of the Artesia Group.
It was never reported to be flowing. In general it has the same trend as
Clardy which is 6 miles to the east. Its first tritium peak of October
1961 has almost the same characteristics as Clardy's: high concentration
followed by a sharp decrease to pre-thermonuclear levels. The broad
tritium peak from August 1963 to March 19 64, occurred during the gap
in sampling at Clardy. Its October 1963 value of 229. t 14, T.U. is the
same as the one observed near Clardy in well NO 16 on November 22, 1963.
Thus, the ""missing'' peak at Clardy can be deduced.

Before continuing with the discussion about Wiggins and Pollard
wells, a remark is in order about a well (NO 5 in sec. 4, T. 10 S., R. 24
E.) for which two tritium measurements were done at the end of 1965 and
the beginning of 1966, This well is deeper than 833 feet and was sampled
as follows (Appendix E): November, 1965, 111. * 3, T.U. and February,
1966, 176. t 4. T.U. The well is 10 miles north of Clardy and Allison
which during the same months had tritium concentrations of the same
values. Once again observations covering large areas point toward uni-
form north-south distribution of tritium concentratiors .

M. Wiggins well. (Fig. 4.10). Located about 9 miles south of

Clardy on the east side of the Pecos River. The well was 1135 feet deep,

producing from a 500 feet open hole in the limestone. The well was under
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artesian pressure during the winter months. Since 1966, strong sulfur
smell and turbid appearance of the water were reported. Finally, it was
abandoned in 1968. The same general trend of change in tritium concen-
tration prevails here that was observed for the preceding long-term wells.
It is apparent that, from whatever source, the addition of sulfur and the
turbid appearance did not affect the tritium peaks observed in 1966 and
1967. Discussion on the characteristics of tritium peaks in this well

will follow the data presentation for the Pollard well.

H. B. Pollard well. (Fig. 4.11). This well is the deepest among

the long-record wells, 1381 feet. The production interval is 280 feet and
the well was reported to flow during the winter of 1965. The well is

14 miles south of Wiggins and just north of the low permeability region
mentioned previously (Section 4.2.1).

Samples taken at two week intervals again indicate rapid change
in tritium concentrations, from October 3 to 19, 1961, from 22. t 22, to
66. L 7. T.U. , and from July 19 to 31, 1962, the increase was from 90.

t 27. to 143. T 16. T.U.

The two wells, Wiggins and Pollard, exhibit very similar,
rapidly changing tritium peaks. In particular, tritium analysis of samples
from Pollard, even though taken only once a month or every other month,
reveal very sharp peaks.

The similarity between the two wells is such that the 1965 tritium

peak at Pollard could fill the gap in sampling at Wiggins.
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Flk No. 1 well, (Fig 4,12}, Although only 30 samples in total

were collected from this well, it has the most complete set of samples
between April 1964 and December 1966. This well is situated 6 miles
northeast of Roswell in the brackish (2, 600 ppm Cl™) water zone of the
San Andres Limestone aquifer. The profile of this well exactly corre-
lates with Clardy (Fig. 4. 8).

Correlation also exists with bedrock well NO 5 during November
1965 and February 1962, This well is 6 miles northwest of Elk No. 1.

The 1965/1966 tritium peak is of interest because of its symmetric
shape. This is possibly the result of an orderly monthly sampling program.

Patterson Bros. Wells. (Fig. 4.13). This set of data is again a

combination of two wells located within the same section, The wells are
located close to the recharge area and to the Rio Hondo. This explains
the height of the 1963 peak (300 T, U.). They are relatively shallow (pro-
duction intervals 275 to 665 feet and 315 to 640 feet, respectively). The
Artesia Group is missing in the area. The observed rise in tritium con-
tent at the beginning of 1962 was not affected by change of well., The rise
in tritium content is comparable to the change observed in Clardy. The
most pronounced change in tritium content was observed between October
1962 and April 1963, This is the same period when an increase was also
observed at Clardy though not as high. This seems to support a south-

easterly flow direction suggested by Cushman and Motts (1964).
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Trends in long-record observations. It follows from the dis-

cussion of the short-record observations of tritium that trends (such

as peaks or lows in different parts of the basin) are more useful than

the correlation of specific events (e.g. of a particular peak in one part

of the basin to a particular peak in another). The preceding discussion

of tritium measurements in well waters shows that an overall similarity
in tritium concentration changes across the Roswell basin can be recog-
nized. Allison and Clardy wells in the northern part of the study area and
Wiggins and Pollard wells in the center part exhibit similar features: A
first group of tritium peaks (magnitude varied between 150 and 450 T.U.)
was observed continuously from 1961 to 1964. This group was followed by
two broad peaks (up to 150 T.U.) in 1965 and 1966. The 1965/1966 peaks
were also observed in the Elk well., The last identifiable peak was observed
in Woods, Clardy, Wiggins, and Pollard wells during 1968 (magnitude of
about 50 T. U. ).

The multiple tritium peaks (1961 - 1964) in the northern wells
have a greater number of spikes and have a lower ratio of high/low than
in Wiggins and Pollard, which showed only three clear spikes. (The
same trend is also seen from the raw, unsmoothed data.)

The 1965/1966 peak in Elk very closely resembles the normal
distribution curve. That could be the result of an undisturbed flow in a
region of the aquifer where there is no pumpage for irrigation, and an

orderly sampling program.
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The very fast changes in tritium concentrations (Clardy, April
1963; Pollard, October 1961 and July 1962; NO 23, March 1962) show
that tritium peaks could have easily been missed since the average
sampling interval was one to two months.

An interpretation of the relationships between tritium/time pro-
files of those long-record wells requires an investigation of the precipi-
tation/recharge relationships and an examination of the recharge area
itself. These topics will therefore be presented next The tritium/
time profiles will be taken up again in Section 5. 3.1 (Ground Water Flow

Velocity and Direction).

4,3 The Variations of Tritium Content in Precipitation

4.3.1 General., Since most of the atmospheric testing of fusion devices
took place in the northern hemisphere and since, furthermore, mixing
between the northern and southern hemispheres is restricted, the bulk of
bomb-produced tritium has been deposited over the northern hemisphere.
The fallout of radioactive debris from atomic weapons is usually classed
as follows (Facy, 1962):

(a) Close or local fallout (mainly from low yield devices),

(b) Intermediate or tropospheric fallout (high yield devices at
tropospheric level).

(c) World wide or stratospheric fallout (high yield and high alti-

tude devices).
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Only surface detonations of very low yield will cause local fallout. The
other two classes of fallout are initially injected at the tropospheric level
below the tropopause (about 10 kilometers) and into the stratosphere (above
20 kilometers), respectively. In general, rainout and snowout are the
processes by which tritiated water molecules are deposited on the surface
of the earth. Some work has been done on the tritium content of atmos-
pheric hydrogen (Begemann, 1963, and Martell, 1963).

4.3.2 Variations of Tritium Concentration in New Mexico. Tritium

activities in precipitation and atmospheric moisture at Socorro, N. M.
and points nearby (Figures 2.1 and 2.2) have been monitored since 1956.
These data are tabulated in Appendix H.

Figure 4.14 shows the daily and weekly variations in tritium con-
centration of precipitation samples. The monthly averaging of the tritium
concentrations is represented by the solid line through the individual data
points. From Fig. 4.14 and Appendix H it is evident that there is a short
time variation in tritium concentrations in samples collected during the
same week or even from one day to the next. In addition, some lateral
variations are observed in samples from different collection stations,
even though in some cases the samples originated from the same storm.
A few examples are shown in Table 4.1. In some cases, tritium measure-
ments revealed no change in concentration of samples taken on the same

day or on consecutive days.
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Monthly averaging eliminates the daily scatter of activities and
brings out the large-scale effects of seasonal variations. The data show .
a regular seasonal variation in concentrations of tritium during the
periods 1956 - 1960 and 1962 - 1968, Maximums, separated by a small
dip, occur with the first winter snows and during the July-August summer
rains (the twin peaks shown,e.g., in Fig. 4.14). Deep minimums are
around October-November. Following the first atmospheric moratorium
of 1958 (Fig. 1.1), tritium levels fell sharply. However, as a result of
resumption of atmospheric testing in 1961, tritium activity began to
rise again,

The distribution of the precipitation sampling stations was such
that a large area as well as different elevations in central New Mexico
were covered. Therefore, an average monthly sample of tritium concen-
trations should be representative of tritium rainout for a large region.
The variations in tritium concentrations along the Rio Grande valley will
be later applied as the basis for the determination of tritium input for the
Roswell basin.

4.3.3 Tritium Content of Atmospheric Moisture (Appendix I). Trit-

iated water may be removed from the ground in the form of water vapor.,
This type of evaporation may modify tritium content in rain procedent

from the stratospheric reservoir.
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Condensed water samples were collected in Socorro and their
tritium content was measured for the period June 1963 - December
1965. Three precipitation collection stations were operated in the
vicinity of the condensed water station (Fig. 2. 2).

Variations in tritium concentrations in both precipitation and in
atmospheric moisture are very similar. This suggests recondensation
of local evaporation during the early morning hours. The most striking
examples of similarity between rain water and atmospheric moisture is
the Mt. Withington rain of June 18, 1963 and the condensed water from the
following day at Socorro. These samples measured 12, 208. t110. and
10,398, F110. T.U., respectively (App. Hand I). From the hourly
precipitation data it was determined that both Augustine (near Mt, With-
ington) and Socorro had 0. 06 inches of rain between 4 and 5 p. m. on June
18, 1963, No additional precipitation was reported until July. The
following five condensed watér samples, collected between June 18 and
June 30, showed exponential decrease of their tritium content with 3
days half-life.

Tritium content of afmospheric water, Correlation analysis of

27 tritium measurements in condensed water with rain and snow (collected
up to two days apart) resulted in a correlation coefficient of 0.974. The
samples range from 130 to 12, 200 T, U, and were collected during 1963 -

1965,

Of the two main contributions to atmospheric moisture, namely
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oceanic water and reevaporated continental surface water, the latter
has usually higher tritium content. According to Israel et al. (1963},
if for constant injection of tritium from the stratosphere the fraction
of reevaporated continental surface water increases, the tritium acti-
vity of the rain will also increase. For New Mexico, the amount of
reevaporated water is much higher during the summer months but the
same is true of the total amount of precipitation. Therefore, the ratio
of reevaporated to oceanic water should not appreciably influence the

observed seasonal variations in tritium concentrations.
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5. ANALYSIS AND INTERPRETATION

In the present chapter an empirical tritium input function for the
Roswell basin is constructed and tested with a one-dimensional dispersion
model. The procedure to be followed is outlined below.

The distribution and trends of precipitation in the basin and the
surrounding area (Fig. 2.1) is first investigated.

Next, variations and distribution of tritium concentration in pre-
cipitation on a continental scale are analyzed. This is done in order to fill
in gaps of tritium records in precipitation or, in other words, to check the
applicability of data measured at one point to a neighboring one.

The product of tritium concentration and precipitation volume
{(T.U. -in.) gives the tritium fallout,

Recharge into the aquifer is traced by tritium input. Tritium input
is a function of tritium fallout at the surface and a precipitation/recharge
relation. The empirical tritium input function is developed from climatic
and geologic considerations.

It is this tritium input function which is then correlated with the
tritium-time profiles of ground water in the sampled wells.

This correlation is then the basis for computing residence time,
flow velocity, and effective aquifer thickness. The actual amount of recharge
and hydrologic parameters (velocity, effective thickness of the aquifer, and
dispersion constant) are tested by generating a simple dispersive model for

the basin.
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5.1 Construction of Empirical Tritium Input Function, Roswell Basin

In order to appraise the observed magnitude and periodicity of
the tritium peaks in ground water, the meteorological conditions pre-
vailing at the time and during previous years must be considered. The
input profile expresses the relationship between tritium concentration
and time as well as boundary conditions to the flow system. The profile
itself is derived from experimental data obtained by monitoring tritium
concentration in precipitation and by measuring the amount of precipi-
tation. The tritium input profile is also based on the correlation between
the observed fluctuations of tritium concentration in well water and pre-
cipitation distribution over the basin. Distinction must be made between
tritium fallout at the land surface and tritium input into the aquifer. The
tritium input function relates tritium fallout at the surface to the actual
magnitude of the contribution to the system. The analytical construction
of such a function is impossible without a detailed understanding of the
exact recharge and tritium fractionation mechanism in the area, In this
study, the purpose is to develop an empirical input function, based on
meteorological and tritium data, that will be used to compute aquifer
parameters.

5.1.1 Precipitation Patterns in the Roswell Basin. The climate of

the Roswell basin is semi-arid (<10'" normal annual precipitation) with
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cold winter. Summer rains supply up to 75% of the annual precipitation
The trend of tritium concentration-time profiles of deep well water (Flig,
4.7 to 4.11) and the variations of tritium concentration in precipitation
(Fig. 4.14) are linked by the amount of precipitation over the intake area.
Precipitation occurs mainly as thundershowers, very irregular, spotty
and localized, although on occasions they may cover large portions of
the basin. Furthermore, the orographic effect is very pronounced. For
these reasons, the precipitation patterns and amounts measured at the
different stations within and around the basin (Fig. 2.1} not only show
large differences among themselves (App. D) but also records taken
at any one of them cannot be considered a priori to be representative of
precipitation characteristics in the recharge area., In particular, the
orographic effect makes it likely that precipitation in the recharge area
is larger and more sustained than that measured within the basin itself
(Roswell and Artesia stations). It is equally probable that precipitation
patterns and amounts vary along the recharge area so that recharge input
is different for different parts of the basin. The following paragraphs
describe the correlation method used for aﬁd results obtained in compu-
ting precipitation in the recharge area from the precipitation records
presented in Appendix D.

Figure 5.1 is a histogram of the composite annual precipitation

for Roswell and Artesia from 1905 to 1968. Superposed on the histogram
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is the 3-year effective precipitation which was used by Hantush {1957),
and Jacob and Saleem (1971) in estimating the recharge to the Roswell
basin. The present tritium study covers the last 16 years of this sequence.
The main features of the precipitation-time sequence are two periods,
separated by the 1941 peak, each of different mean annual precipitation,
This trend is emphasized by the 3—year effective precipitation. The two
driest periods for the total precipitation record were 1953 - 1956 and
1963 - 1965 which are included in the tritium study period.

Linear regression and correlation analysis were performed with
precipitation data available for the Roswell basin during the study period.
The data used come from the six precipitation-measuring stations around
the basin (Sec. 2.2.3, Fig. 2.1, and App. D). In Table 5.1 the stations
are separated into three groups of two according to their geographic
location and precipitation pattern. Each two stations are presented as a
composite station with its monthly and annual values, and the deviations 0
of these values from a l6-year arithmetic mean. For Dunlap and Farns-
worth Ranch the deviations from the mean are also given for the individual
stations. (The correlation coefficient between the two individual stations
of each group is higher than 0.920.) Picacho has the same precipitation
pattern as Felix and Elk and was not included in the analysis.

The linear regression expressions and their respective multiple

correlation coefficients (RZ) are presented in Table 5.2. The multiple
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Composite precipitation and

departures from the mean (in.), .

COMPOSITE PRECIPITATIUON. ROSWELL AND ARTESIA

JAN

0.19

1954 0.10
1955 0.37
1956 0.01
1957 0.12
1958 1.50

0.01

1960 1.09

0.69
0.41
0.22

1964 0.40
1965 0.06
1966 0.51
1967 0.0

1.55

0.25
0.0

0.0

0.93
0.46
0.99
0.12
0.31
0.10
0.46
0.72
0.74

0.60

0.02
0.17
1.08

0.24 0.70 1.00
0.0 0,47 1.75
0.05 0.17 0.52
0.02 0.G2 0.65
0.53 0.15 G.65
2.30 1.01 0.45
0.02 0.39 1.96
0.09 0.14 0.59
0.63 0.01 C.46
0.12 0.38 0.44
0.0 0:13 0.9C
0.23 0.0l 0.55%
0.10 C.19 0.58
O0.41 1.60 0.46
9.03 0.0 C.B6
1.66 0.1l 0.70

JUL  AUG _ SEPF  OLT

1 2.09 1.48 0.16 0.48
0.23 2.59 0.24 3.93
3.10 0.53 2.14 1.78
0.67 1.40 0.l4 0.70
0.73 0.85 0.59 2.69
1.00 Ll.66 4.16  1.38
2.56 1.08 C.08 0.38
3,52 0.45 0.32  3.39
1.03 1.23 0.35 0,29
3.38 0.76 2.91 0.17
0.19 2.18 0.31 0.16
0.08 0.68 1.38 0.0
1.57 1.44 0.71 0.08
0.27 4.78 0.78 0.0
G.82 3.03 0.76 0.01
5.11 2.60 0.08  C.57

0.0 .19
0.14 0.0

c.0 0.02
0.72 0.9

0.44 C.13
0.12 0.51
.06 1.90
1.51 0.25
0.44 0.38
0.10 0.08
0.25 0.26
0.04 Q.75
0.0 0.0

0.44 C.78
.18 0.23

COMPOSITE DEPARTURES FRUM MEAN. ROSWELL AND ARTESIA

~0.29. 0.04 ~D.35
~0.40 —0.21 0.12
~0.17 -0.33 -C.23
~0.30 -0.15 -0.20

0.01 1.26 -0.32

-0037 "0034 0.07
1.26 -0.23 -0.08

Q44 =0.19 -0,79 -0.56
-le4l ©.92 -0.71 2.99
1.45 -1.14 1.20 B.74
~0.97 -0.27 -0.81 =0.313
~0.91 -0.82 ~0.36 L.66
~0.65 -0.31 3.21 0.35
.92 -0.59 -0.87 =0.606
1.88 ~1.22 -0.62 2.36
~0.601 ~Ue44 ~0.59 -0.75
.73 -0.91 1l.96 -C.27
~1.45 0.51 —-0.64 -0.38

; ~le56 —0.99 G.43 -1.04

-6.uB -0.23 ~0.23 ~-C.96
~1437 3411 =-0.17 -1.04
-0.83 1.36 -0.18 -1.03

3.6 0.92 -0.87 -0.,47

NOV DEC
-0.22 -C.11
-0.35 -C,.16

—0.20 ~0.36
~0.35 -0.34
0.37 -0.36
.10 ~0.23

-0.23 0.15
~0.29 1.55
1.17 -6.11
0.09 0,03
-0.24 -0.28
-0.10 -0,1n
-0.31 0.39
-C.35 -0.36
D.N3  N,42
0.84 -0.13

7.31
9.70
3.0%
5.63
T.54
16.6%
7.78
13.09
7.39
11.38
6.01
6.09
7.10
1€ .55%
8.91
15.33

~2.03
0.37
~0.29
-3.70
-1.80
7.29
-1.55
3.75
-1.95
2,05
-3.33
-3.33
—2.24
1.22
-N.43
5,99



119

Table 5,1, Continued

COMPOSITE PRECIPITATION. FELIX AND ELK 3 E

YR JAN FEB MAR = APR MAY JUN JUL AUS SEPY acrT NOV OFC ANNUAL

1953 0410 0el3 O0e36 0.73 0.71 0495 0493 1.0¢ Q.0 N.55 0,14 0.94 6,59
1954 0.22 0.0 0.0 Ce70 1e14 0.31 0,15 4.61 0.67 5.60 0.0 0.34 13.78
1955 0.70 0.0 0.15 C.18 O0.64 0.15 8.33 2.02 3.60 2.00 0,07 N 17.85
1956 0,0 1.55 0.0 0.07 C.38 0.53 1.3¢ 2.13 C.30 J.72 0.0 G.15 Tal
1957 0.06 0.5 0459 0.89 0.72 0.10 1.98 4.99 (.23 4.42 2.G?2 .0 16.54

1958 1.11 1418 2.15 0.66 1.01 1l.46 2.75 2.94¢ 3.74 3.31 0.68 0.12 20,9°
1959 0.7 0.21 0.05 ©0.15 2.01 0.68 1.85 3.44 0.06 .33 1,0 1.02 S.87
1960 0.57 0439 0423 0.1 0.34 1.93 4.38 1.56 1.34 1.81 0412 1.88 14.57
1961 0.69 0.06 0.75 0,02 0©€.33 147 1.70 2.95 G.39 0.15 2.32 (.29 11.66
1962 0.43 0430 0.49 0.29 0.7 1.14 5.96 0.27 3.31° 1.34 .09 0,82 15,53

1963 0,95 0.63 0.0 .21 1«18 1.55 1.71 5.01 ©.79 C.R2 0.13 0.0 13,9%
1964 0.19 0.84 0.51 0,07 0.13 0.25 1.22 1.09 2.29 0.0 C.06 N.54 7.2°
1965 3.01 0.90 C.41 0.77 1.87 2.36 Ll.81 2.406 3.79 0.07 .21 0.91 15.59
1966 0.49 0,07 0.15 3.02 C.46 3.48 0.76 T.64 1.01 TL.C5 C.N2 D03 1723

1967 0.07 0.37 GC.06 0.15 0.32 2.77 2.27 1l.48 2.68 C.CC €.39 1.04 I1.62
1968 1.11 1.00 1.18 0,12 C.44 0.13 7T.b1 3.397 0.03 Te64 1.22 0.0 L7.45

COMPQOSITE DEPARTURES FrUM MEAN. FELIX AND ELK 3 €

1953 ~0.32 =0.38 ~C.09 0,17 ~0.23 ~0.25 -1.86 -1.94 ~1.55 ~T.AL =0.38 0,43 =T.05
1954 -0.20 =0.51 =C.44 (.13 0.4C ~0.90 -2.64 1.64 -0.88 4,246 -C.852 =017 [ X
1955 0.28 =0.51 —0.29 -0.3% =0.C9 -1.05 5.54 -C.35 ?.“5 Te64 =045 -0,51 4420
1956 =0.42 1,03 =0.44 ~0.49 =0.35 ~0.6b —1.49 -C.84 -1.25 =-0.64 =C,.52 -0.356 -65.46
1957 -0.36 0.05 0.1% 0.32 =0,02 ~1.10 -C.81 2.92 -1.32 3060 Lavl —C.51 3.0
1958 9469 0.66 1.71 0.09 €.28 G.26 -0.24 ~0.04 2.19 135 =2.74 -N.41 7.31
1959 =0,42 ~0.30 =0.39 -€.462 1.27 =0.53 ~0.% G.47 -1.49 -1.03 -0.92 (.51 -3.79
1960 0.15 =0.12 =0.21 -0.56 =0.40 0.73 1.59 =1.42 =N.23 Letd =047 1.36 7.98
1961 0427 =0.45 0431 =CaB4 =Casl8 o227 =1439 =3av2 =Tebb  ~1.21 1.81 ~nN.22 -1.93
962 0.01 —0.21 0,04 =C.27 =C.66 =0.C6 3417 =-2.70 1.76 -1.02 .57 0a.31 1.94
1963 0.53 0.12 =0.44 ©Leb4 Cad4 £.35 -1.08 2.03 ~0.75 ~0 e84 ~0.3% ~0,.51 7440
1964 ~N0.23 .32 (.37 =Ce&9 =0.6" =0.9% =107 =139 (.74 -1.36 =0.46 n,n3 -6.39
1965 ~Ja4l 0.39 ~0.03 (.21 1.13 l.io -5.98 -C.5] 2.24  =1e,249 =D.37 0,40 2.9
1966 7,07 ~Da4é —0.26 2445 -0.28 2.28 =2.33 4oo7 -C.54 -1.31 -0.49 -C.48 3.61
1967 =435 =115 —Cu39 =Ca4]l =C.41 150 -0.22 ~1.49 1l.14 -1.306 ~2.12 2.53 ~{.07

L9683 2.69 0,49 0,74 —0.65 =030 —1.77 4,72 £,99 -1.51 “C.72> 0,0 —3141 1.46
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Table 5.1, Continued

COMPOSITE PRECIPITALON. DUNLAP

1966 0.21 0.06 0.0 0.30 0.44 0.14 0.56 5.03
1967 0.0 0.22 0.14 C.02 0.09 0.89 1.57 1.52
1968 1.30 1.25 0.84 0.05 0.55 0.35 4,42 4.38

COMPOSITE DEPARTURES FRIY MEAN. DUNLAP AND FARNSWORTH

1953 ~0.08 0.07 ~0.23 0.04 0.47 -0.57 0.46 ~0.74
1954 =0.13 -0.31 =0.42 0.09 1.22 -0.36 -1.57 1.87
1955 0.1l ~0.30 =0.36 0.37 =0.50 ~0.72 -0.64 ~1.58
1956 ~0.18 0.11 =0.41 —-0.00 -0.23 —0.01 -1.25 -l.14
1967 =0.25 0.49 0.53 0.18 1.34 -0.85 -1.35 -0.36
1958 0.60 0.29 2.90 0.57 -0.24 0.51 0.02 1.86
1959 =0.25 -0.20 ~0.44 0.48 0.34 1.91 0.74 1.06
1960 0.40 —~0.00 ~0.28 -0.36 0,00 1.7L 7.77 -1.46
1961 =0.02 =0.24 0.56 0.14 =0.20 —0.29 ~0.78 ~1.09
1962 ~0.03 -0.09 ~0.29 —=0.10 -0.75 0.74 0.90 -1.14
1963 ~0.25 =0.22 -0.44 —-0.08 ~0.62 -0.60 ~2.16 0.65
1964 ~0.24 ~0.13 ~0.37 -0.31 ~0.68 -0.63 ~1.55 -1.02
1965 =0.25 ~0.11 ~0.44 —0.36 1.06 1.03 -0.33 ~1.85
1966 -0.04 -0.25 —~0.44 =0.06 -0.33 -0.87 ~1.70 3.02
1967 =0.25 ~0.09 —0.30 =0.34 ~0.68 ~0.32 -0.69 -0.49
1968 1.05 0.94 0.40 —0.31 ~0.22 -0.66 2.16 2.37

¢

AND FARNSWORTH

=-1.06
0.76
1.27
~-1.06
~-1.00
4473
~0.92
~-0.49
0.20
0.97
~0.67
0.03
-0.30
-1.04
-0.57
~0.84

0.35 -0.13

7.70
13.29
643
4,52
9.32
20.71
13.79
21.03
1.96
9.57
4.91
4.05
7.66
6.92
5,32
14.53

-2.15

3.35
-3.42
-5.33
-0.53
10.86

3.94
11.18
-1.89
-0.28
~4.94
-5.80
-2+.19
~2.95
-4,53

4.68
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DEPARTURES FROM THE MEAN.

FEB  MAR  APR  MAY  JUN
~0.00 -0.11 0.04 0.22 -0.76
~0e33 -0.46 0.06 1.05 -0.95
“0e32 =0.39 0419 ~0.27 -0,57

0.15 ~0,43 0.10 -0.25 0.50

0.73 0.42 O0.15 0.63 -0.78

0456 3.15 0.65 -0.34 1l.56
~0.18 -0.48 0.63 0.63 1.12
—0.07 -0.38 =0,35 0.30 1.69
-0.,23 1.0t 0.01 -0.54 -0.06
-0.18 -0.,36 ~0Q.14 -0.65 O0.51
~0.16 -0,48 =0.10 -0.65 -0.95
~0433 ~0.48 -0.25 ~0.47 -0,30
-0.13 -0.48 -0.35 1.18 0.98
-0.27 -0.48 ~-0.0% -0.21 -0,92
~0.11 ~0.34 ~0.33 -0.55 -0.37

0.92 0,36 -0.30 =0.10 -0.71

FEB  MAR  APR  MAY _ JUN

0.14 -0.34 0.05 0.73 -0.38
-0.28 -0.38 0.13 1.40 0.2¢
-0.27 -0.32 0.56 -0.73 ~0.86

0.07 -0.39 =-0.10 ~0.20 ~0.52

0.25 0.64 0.22 2.05 ~0.92

0.03 2.66 0.50 -0.14 -0.54
-0.21 -0.39 0.34 0.05 2.69

0.07 -0.17 ~0.36 -0.29 1.73
-0.25 0.11 0.27 0.15 -0.52

0.01 ~0.22 -0.05 -0.85 0.97
-0.28 ~0.39 =0.05 -0,59 -0.25

0.07 -0.26 ~0.36 ~0.89 -0.96
-0.08 -0.39 -0.36 0.94 1.07
=0.,22 -0.39 -0.06 -0.45 -0.82
~0.06 ~0.25 -0.34 -0.80 -0.27

0.97 0.45 =0.31 -0.34 -0.61

Continued

FARNSWORTH

-1.18 =-0.29 6.02 ~C.31 ~2.43
1.43 l.72 -0.23 ~0.00 4eb%
1.62 -0.67 -0.23 ~0.28 =2452

-1,18 ~0.50 -0.23 =0.35 -4.59

-1.18 0.73 0.29 -0.38 ~0.36

4.87 0.10 -0.,23 ~-0.28 12.57
-0.91 2.27 -0.23 1.37 4,35

"0039 2-48 "0.23 1038 7.39
—0.29 =0.32 1.47 -0.07 ~-1.27
0.93 -0.26 =0.01 0.04 1.19

~0.5t =-0.02 -C.17 ~0.34 ~6412
-0.04 -D.78 -0.23 -0,12 -6,91

-0.42 -C.46 -0,00 -0.19 -2.44
-L.16 -C.78 -0.15 -0.32 -3.22
-0.69 -C.78 -0.13 0.10 -4.78
~0.96 ~0.38 0.34 -C.18 4e43
DUNLAP

SEPT ocT NV DEC ANNUAL

-C.94 -0.53 0.27 -G.18 ~1.88
0.09 3426 =0.20 -0.17 2.06
0.9™1 -~0.05 -0.20 -0.28 ~%.33

=0.94 =0.79 -0.17 -0.27 ~6.08

~-0.82 0.92 0.20 -0.28 =-0.70
4.59 -3.18 -0.09 -0.08 9.15

~0.%4 -0.16 -0.17 1.35 3.53

-0.59 3.41 -0.17 0.89 14.97
0.69 -0.92 -0.,20 -0,28 -2.51
1.30 -0.58 0.13 -0.28 -1.75%

-C.84 -~0.44 -0.09 0.00 ~3.77
0.10 -0.92 0.56 ~0.28 -4 .69

~0.18 -0.60 0.03 -0.09 ~1.95
~0.92 ~0.92 -0.12 -0.22 =2.71
~0.45 -0.92 -0.10 0,20 ~4,29

~0.72 -0.52 0.37 -0.08 4.92
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(or regression) correlation coefficient is a measure of the reliability
with which the dependent variable may be predicted from the knowledge of
an independent variable. With the linear regression equation, the pre-
cipitation trend at a given station could be completed for years without
record by knowing the precipitation history at a neighboring station. The
constraint is that the regression must be linear over a certain range of
values. The linear regression equations are presented in the form of
y=(A T a)x + B, where A is the slope, T a is the standard deviation of
the slope, and B is the y-intercept. By interchanging the dependent and
-independent variables the regression expression will be modified but the
regression correlation coefficient remains the same. In a case where the
correlation coefficient is low (< 0.7000) the best fitted line through a
scatter of data should be of a higher order regression.

From Table 5.2 it is clear that the best correlation in annual
precipitation patterns (but not in precipitation magnitude) is between the
recording stations Roswell-Artesia and Dunlap-~Farnsworth Ranch. The
physical explanation of their correlation is explained by the geographic
location of these stations. Dunlap and Farnsworth Ranch are located
north and northwest from Roswell and Artesia, respectively. The plains
separating the two groups of stations gradually rise toward the north-
west. By inspecting precipitation areas and amounts given by the Daily

Weather Maps (U. S. Department of Commerce, 1958, 1959, and 1960)
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it is clear that precipitation increases over the basin from southeast to
northwest especially during the summer and early fall (May-October).

There are differences between the location of Felix and Elk
and the other four stations with respect to the trajectory of the incoming
moisture. Elk and Felix a.ré located on a relatively steep slope east of the
Sacramento Mountains and just north of the Guadalupe Mountains outside
the recharge area of the northern part of the Roswell aquifer system. The
difference in precipitation amounts and trend is best seen from Table 5.1.
Precipitation at Elk and Felix was fairly steady with small variations from
one year to the next. Only 6 years had precipitation below average as
compared to 11 years at Dunlap and Farnsworth. The overall mean annual
precipitation at Elk and Felix during the study period was about 4 inches
higher than at any other combination of stations.

The conclusion from the foregoing analysis is twofold:

(a) From the linear regression relation and the long record of pre-
cipitation at Roswell and Artesia, it is possible to calculate the annual
precipitation amounts for Dunlap and Farnsworth Ranch where it is
missing.

(b) The relatively steady precipitation pattern, observed at Elk and
Felix, should be excluded from the construction of the tritium input pro-

file for the northern part of the basin.
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it should be noted that the second conclusion has a strong bearing on the
discussion coﬁcerning the short-record observations of tritium in deep
wells during 1959 and 1961 which was presented in Chapter 4. Elk and
Felix are located just west of Artesia in the drainage area of the Rio Felix,
From Figures 4.1 and 4. 2, wells located between Flk, Felix, and Artesia
had lower concentrations of tritium as compared with wells north of T. 16
S. (with the exception of a few wells on the recharge boundary). Two
alternative conclusions arise from these observations and the general
knowledge of tritium content in precipitation during the preceding years.
Either the precipitation in the southern region is of a different source
(purely oceanic with little tritium) or the San Andres Limestone between
Elk and Felix to the west and Artesia to the east is of different hydrologic
properties as compared with the aquifer north of T. 16 S. The latter obser-
vation is supported by previous hydrologic (Motts and Cushman, 1964} and
geologic (Kelley, 1971} reports. Conversely, if the central (Artesia)
sector of the San Andres aquifer had the same permeability as the northern .
part, tritium concentrations in well water should have been much higher
than in the northern sector, due to a steadier input, provided that the
input in both regions was from the same tritium source.

Precipitation during 1958 - 1960 in the Roswell basin greatly
exceeded the mean annual values for the period 1953 - 1968, This was

certainly true in the northwest region where Dunlap and Farnsworth Ranch
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are located. From the data presented in Tables 5.1 and 5.2, the average
percent change in precipitation for the period 1958 - 1960 (wet years)

and 1962 - 1965 (dry years) was as follows:

Dunlap and Farnsworth  Roswell and Artesia Felix and Elk

1958: +110 +78 +54
1959: +40 -17 -28
1960: +114 +40 +7
1962: -3 122 +14
1963: -50 -36 +3
1964: -59 36 47
1965: -22 -24 +15

Thus, for both wet year and dry year sequences, the correlation of pre-
cipitation patterns over the Roswell basin is better with Dunlap/Farnsworth
than wifh Felix/Flk. Moreover, during the wet sequence, precipitation at
Dunlap/Farnsworth was consistently above the mean: during the dry sequence
it was consistently below the mean while Felix/Elk did not show a clear
trend.

Data on precipitation distribution patterns were taken from the
Daily Weather Maps (U.S. Department of Commerce, 1958, 1959, 1960,
1963, and 1964) and include the basin as a whole. During 1958, 1959, 1960,

1963, and 1964, there were 111, 66, 97, 51, and 52 days with measureable
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precipitation, respectively. 1958 and 1960 were very wet years, 1959 was
moderately wet, and 1963 - 1964 were very dry. In the wet years (1958 - ‘
1960) precipitation was appreciable not only in summer but also during

fall and spring. Precipitation during 25 days out of 51 reported in the

dry years 1963 and 1964 for Dunlap, Farnsworth and Roswell, was less
than 0. 10" (usually between 0,01 and 0.05'). These patterns profoundly
affect recharge and therefore the tritium input function (Sec. 5.1.4).

The smoothing routine of 3-year effective precipitation (Fig. 5.1),
used by Hantush (1957) and Jacob and Saleem (1971), tends to overestimate
recharge during dry periods and to underestimate it during wet periods,
The method was originally developed by C. E. Jacob (1944} and was tested
in an area where fluctuations in annual precipitation did not exceed T 5%.
For a semi-arid region such as the Roswell basin with annual variations
in precipitation up to 100%, it seems that the persistence of wet or dry
years is of larger consequence in the estimation and forecast of recharge
to the aquifer,

5.1.2 Regional Distribution of Tritium Concentration in Precipitation,

As previously stated, an uncertainty is introduced by applying data measured
at Socorro to the study area near Roswell. The procedure is unavoidable
since no data are available of tritium distribution in precipitation near Ros-
well. In addition, because tritium measurements at Socorro did not begin
until October 1956, with a few additional values missing after that data,

data from another source had to be used. Since Ottawa, Canada has the
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longest and most complete record of tritium content of precipitation,

it is customary with many investigators to apply the Ottawa record to

their studies (e.g., Dincer and Payne, 1967). The justification is not

always clear. The following analysis is concerned with the synoptic dis-

tribution of tritium and the local climatological considerations which

influence the use of data taken at one location and applied to another.
Variations in tritium concentration are known to occur with

respect to distance from oceanic source, elevation, and latitude (Israel

et al., 1963). The difference in tritium content at two locations. receiving

moisture from the same source is possibly a function of the difference

in the length of time it takes the moisture to arrive at the two locations.

For New Mexico there seem to be two principal sources for moisture. the

Gulf of Mexico and the Pacific Ocean. Summer precipitation comes

mostly from the Gulf of Mexico, that is, from the Atlantic. Moisture of

Pacific origin usually arrives during the winter when precipitation is at

its minimum. Tritium content of moisture will be modified depending

on how much additional moisture was added during its movement, Tritium

concentration measured in a rain sample represents a vertical integration

of tritium distribution. During a thundershower, additional moisture may

also be added at the top of the storm cell which could increase or decrease

its tritium content. This is especially true over high mountains where
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the top of a convective cell may reach up to 35, 000 feet and more.

Few attempts have been made to generalize tritium content of
precipitation, measured at different stations, into a synoptic distribution
over the continent, Two such reports by Stewart and Farnsworth (1968) and
Suess (1969) were limited to the period of high tritium activities of 1963 -
1965, Stewart and Farnsworth's report dealt with the distribution over
the continental U,S. and was based on data collected at 12 stations in-
cluding Albuquerque, N.M., and Denver, Colo. Their data of geographical

distribution of weighted average tritium concentrations ( ZT. U. x amount

precipitation / 5 amount precipitation) was presented as equal T. U. lines.
Their results do not include Canada. However, from the general trend of
the distribution, a correlation between Socorro and Oftawa is eminent.
The lines of equal T. U. are more or less concentric with respect to a
region located near the continental divide on the U.S. -Canadian border.
The line of lowest concentration roughly follows the continental outline
along the east and west coasts and the Gulf. Stewart and Farnsworth
(1968) did not find any continental pattern to tritium fallout (T. U. x amount
precipitation) partly because some of the regions with the lowest tritium
concentrations have an extremely high rainfall (e. g., Boston, Mass.. and
Portland, Oregon).

Linear regression and correlation analysis was carried out

between monthly mean values of tritium concentrations of precipitation
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at Socorro and Ottawa. Canada. The Ottawa data were published by the
International Atomic Energy Agency, Vienna (IAEA, 1969. 1970, and 1971).
The entire set of tritium concentrations of precipitation for Ottawa and
Socorro is presented in Figure 1.1. There are a total of 81 mean monthly
values which could be used for a linear regression analysis, The results
are presented in Table 5.3. It was found that although the regression
correlation coefficient is fairly good (. 783) the scatter in data, due to

the large range in absolute values (42 to 8700 T, U.) causes a large error
in the slope of the regression equation. The logarithmic correlation
coefficient is 0.930 in the range 42-4, 300 T. U., that is, 87 percent

of the variations in tritium concentrations of Socorro precipitation could

be predicted from the observations at Ottawa. Seven data points that
showed variations up to 100% between the two stations were deleted and
the regression was repeated (Table 5.3 and Fig. 5. 2). The regression

is such that for the range of values between 100 and 1000 T. U. the Ottawa
data can be used without any corrections. To recapitulate, as early as
1954, Begemann and Martell (1955) and Begemann and Libby (1957) reported

the following tritium activities measured in New Mexico:

25 June, 1954 Los Alamos rain 1160 ¥ 100 T. U.
25 June, 1954 Los Alamos rain 1000 f 100 T, U.
26 June, 1954 IL.os Alamos rain 1550 + 120 T. U.
23 July, 1954 Mount Withington thunderstorm 100t 57T U
27 July, 1954 Mount Withington thunderstorm 106 + 10 T. U.
September, 1954 Mount Withington monthly sample 19 t1.4 T.U.
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The variations of tritium concentrations in Ottawa rains for this period
were from 900 to 27 T. U., in the same sequence. -

The complete reconstructed set of average monthly tritium
variations in precipitation for Socorro from 1953 to 1969 is presented in
Figure 5.3, These values, together with the monthly amounts of precipi-
tation at Dunlap and Farnsworth Ranch, are the basis of the tritium
fallout profile for the Roswell artesian basin., On the same plot is a
histogram representing the deviation from the annual mean precipitation
at the composite station of Dunlap and Farnsworth Ranch.

Two additional correlations were done between Socorro and
neighboring stations: Flagstaff, Arizona (360 miles to the west) and
Waco, Texas (750 miles to the east). These stations are part of a world
network for which the tritium analysis is done and reported by IAEA
(IAEA, 1969, 1970, and 1971). The results are also presented in Table 5. 3,
Waco is of special interest since its location is 600 miles east of Roswell
and is included in the region for which summer precipitation draws its
moisture from the Gulf. The regression equation indicates consistently
higher values of tritium in New Mexico (Table 5.3 and Fig. 5.4). Tritium
concentration of moisture tends to increase with the distance from its
oceanic source.

In conclusion, the construction of the tritium input profile for

the Roswell basin has two limiting conditions on the tritium content of
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precipitation. The concentrations observed at Socorro are the same or
they represent an upper limit, and the concentrations at Waco, a lower
limit. The earlier data for Waco (1957 - 1962) could be calculated by
the regression equation,

5.1.3 Tritium Fallout Profile. In the preceding sections some pre-

liminary conclusions were drawn based on precipitation data and the obs-
erved tritium concentrations of precipitation and ground water. The con-
struction of a fallout profile for a selected combination of precipitation-
measuring stations should very clearly indicate the availability and the
amount of tritium rainout in the basin. The fallout profile is the product
of the corrected monthly precipitation (from Table 5. 1) with its corres-
ponding monthly average of tritium concentration (Fig. 5.3). Although

in some instances the profile may show trends parallel to the variations
in precipitation, in general, the two curves are different, largely because
precipitation does not necessarily have high tritium concentration and,
conversely, high tritium concentrations may not be coupled to large pre-
cipitation amounts,

Table 5. 4 is the annual tritium fallout (1953 - 1968) for four com-
binations of precipitation-measuring stations. The values are given in
T.U. -in. which are the annual summation of the product T, U, -in. for each
o

month, 1000 T. U, -in, equals 0.21 Ci/mi (App. A). Corrections for

evapotranspiration were not made at this stage, The vegetation on the
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Table 5.4 Annual tritium fallout (T. U. -in.) for the
different composite stations in the Roswell basin,

T. U, values measured in Socorro.

YEAR Dunlap and Dunlap, Farnsworth Roswell Roswell Felix

Farnsworth Ranch, Picacho, and and and
Ranch (1) and Roswell (1) Artesia(l) Artesia Elk (1)

1953 139(2) 140 130 153 119
1954 2993 3122 2280 2519 2291
1955 251 339 326 370 657
1956 901 916 1155 1288 1529
1957 981 1033 750 844 1691
1958 7525 6037 5170 5621 7394
1959 4645 3822 2204 2634 2698
1960 4554 3506 2367 2463 2816
1961 1180 1317 1221 1437 1948
1962 5975 5964 6340 7370 9129
1963 7772 10006 15248 17522 31411
1964 3006 6443 9072 10689 7093
1965 5179 6046 4936 5564 8965
1966 1377 2565 3399 3778 5712
1967 1379 1739 1949 2193 2973
1968 1411 1547 1653 1785 1685

(1) 0. 1" interception loss subtracted from each monthly value.
(2) 1 T.U. -in. = 0,21 mCi/mi?,
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outcrop of.the-San Andres limestone west and northwest of Roswell consists
mostly of small scattered shrubs and natural grass. An amount equal to-
0.1 inch (2.5 mm) was subtracted from each monthly precipitation to account
for interception loss (Butler, 1959, p. 230, and Ward, 1957, p. 68). The
value is very conservative especially considering that most rainfall takes
place during the summer months. The fallout for the Roswell-Artesia com-
posite station is presented with and without the 0.1 in. correction. The
difference in fallout is up to 2250 T. U.-in. during 1963 and diminishes
during the years of low tritium content of precipitation. (A fallout of
2250 T. U. -in. over 100 miz is the equivalent of 47.3 Ci of tritium.)} The
effects of this correction are most pronounced during periods of low rain-
fall with large tritium concentrations. This was the case at Dunlap and
Farnsworth Ranch during 1963 and 1964. In a year when precipitation is
abundant with average tritium concentrations, this correction does not
change the fallout value appreciably.

The annual weighted average tritium concentration in precipitation
is defined as

12

v, T.U. -in. /month

T, U, = 12
L in., /month (5-1)

These values for 1953 - 1968 were derived from data presented in tables
5.1 and 5. 4. The weighted annual averages of T.U. calculated for Dunlap

and Farnsworth Ranch are compared with the values for Albuquerque
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published by Stewart and Farnsworth (1968), and the values for Waco,

Texas published by IAEFA (1969, and 1970):

Albuquerque, N. M. Dunlap and Waco, Texas
Farnsworth Ranch
1963: 1870 1800 1129
1964: 1620 1000 377
1965: 469 700 205
1963-1965: 1220 960 465

With one exception (Dunlap/Farnsworth, 1965), the annual average tritium
content of precipitation indicates the existence of a continental gradient of
tritium concentration with respect to the Gulf of Mexico. The comparison
is based on only three average values from three locations. It suggests
that tritium measurements at Socorro may be applied to the Roswell basin
without additional adjustment because the correction would be small com-
pared to the uncertainty involved in using Dunlap and Farnsworth records
as precipitation representative of the whole recharge area.

Table 5. 4 exhibits the differences in fallout between Dunlap/
Farnsworth and the various other combinations.

There is a marked difference between Dunlap/Farnsworth and Felix/
Elk when comparing two periods: 1958-1960 and 1963-1966. For Dunlap/
Farnsworth 1958-1960 was a period of excessive precipitation (the three
years total 26 inches above the mean). During the dry period of 1963-1966

the accumulated deviation from the mean for Dunlap/Farnsworth was -16
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inches (all 4 years below the mean), Felix/Flk had relatively small

deviations during 1963 - 1966, The average annual rainfall for 1963 -
1966 at Felix/Flk was 13. 3 inches as compared with 6 inches at Dunlap/
Farnsworth. The difference is very clearly indicated by the total fallouts
calculated for Felix/Elk during 1963 - 1966, They are at least twice as
high as at Dunlap/Farnsworth., The only compatible years between the
two locations (in terms of total fallout and its distribution over the measured
period) were 1954 and 1958.

The tritium fallout profile for Dunlap/Farnsworth is given in
Figure 5.5. The 1954, 1958, 1959, and 1960 peaks are the combination
of above-average rainfall and moderate to high tritium concentrations in
precipitation. On the other hand, the 1962, 1963, 1964, and 1965 peaks
are the result of continuously high levels of tritium in precipitation and
very low rainfall. The consistency of tritium fallout during 1954 and
1958 -~ 1960 is best shown by grouping the fallout as follows (values are .

in T. U, -in. }:

January-April May-September October-December
1954: 254 2628 111
1958: 1774 5631 121
1959: 741 3512 392

1960: 93 3642 819



141

‘youry yjaomsuipd-dejung 1oy a7ijoad SWII-INOTIRI WNIITIL ¢'¢ oan8T1d

WTL

6961 . nwmﬁ mme £961 1961 6561 LS61 8561 ES61

: A ATt
b —
Mm: | =C
= g~
S 5
T
=& Y

ONT TO
—o ox
N 8%
— 53]

—

M =
Dmn w =
o7 152
NS 8a
— =
l
T

- dbINNG ONY HIHOMSNYUA 604 3LISQWOD SI NIbd =
SET (HOBNGD "BMULL0 A8 037714 H1HO INISSIW NL  0YY020S TR
— O O
o ©5
— na




142

¢+ *11eMs0y pur ‘oyoedld ngw.ﬂﬁﬁm ‘youey yYriomsuied i0j m.ﬁ..hwoum SWT]-3NOTTE] WNIITIY, 9°¢ 2an31y

dWIL
Gget L9961 S961 €961 1961 6561 LSBT G561 €S61, -
- . r— . e soagpomosel- &
*[ e LAt
—
L -
D4 Lo
- o<
—8 Q
< ©
- =
— ‘ )
i
251 30
bt O oQ
W o o
— pu s
ﬁ.._.._ D
bt
w =z
N8 8 S
—
T
@ T13MS0H ONY *OHOUJId *ddINNG "HLIHOMSNYBS Y04 3LISOJWO3 SI Nigd =
FET (BOBNUD “BMULLO A8 037714 YibG IONISSIW Nl  0HYO30S o
2 =

-
E



143

Figure 5.6 is the fallout profile for a combination of the four northern
stations of the Roswell artesian basin, namely: Dunlap, Farnsworth,
Picacho, and Roswell. Some decrease in 1958 - 1960 peaks and increase
in the 1963 - 1966 peaks is apparent with respect to Dunlap/Farnsworth
(Fig. 5.5). It is mainly the inclusion of Picacho in this profile which
causes the difference which is minor and would not appreciably affect
the results obtained in this study,

5.1.4 Tritium Input Function, The empirical tritium input function

is constructed from the fallout profile (Fig. 5.5) and a functional rela-
tionship relating amount of precipitation to its effective recharge. The
validity of the precipitation/recharge relationship will be tested in
Section 5,4 with the presentation of the dispersive model for the Roswell
artesian basin. The tritium input function capability to predict the obs-
erved variations of tritium concentrations in ground water should test a
quantitative estimate of recharge. This function should also have some
value in estimating recharge in areas other than the Roswell basin with
similar climatic and hydrologic conditions.

The functional relationship that was assumed for calculating the

amount of recharge is
R=fPi (5-2)

where,

(5-3)
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and,
R - annual recharge (inches)
Pi - annual precipitation of the ith year (inches)
f - proportionality factor ‘fraction of annual precipitation that is recharge)
P - mean annual precipitationv
The proportionality factor is the product of a sliding factor depending on
the fractional mean precipitation, Pi / §, and a normalizing index, k.
The normalizing index is a constant for a given recharge area and is
determined by the type of terrain and its general slope. For the Roswell
artesian basin its numerical value was found to be 0. 1.

Using precipitation data (Table 5.1) for Dunlap and Farnsworth
Ranch and Egs. (5-3) and (5-2), the recharge/precipitation relationship
is established {Table 5.5, Fig. 5.7). The curve has two limiting values.
With a decrease in precipitation, the lower limit of recharge rapidly
approaches zero (<= 4' precipitation); the upper limit is given by a pre-
cipitation probability of less than 1% for 21 in./year or more. The curve
is quadratic and the rate of net increase of recharge with precipitation has
different values in different segments of the curve (e.g. for precipitation
ranges of 4'"-10"", 10''-16", and 14'"-20", the increase is 1", 1.5", and
2" respectively). In regions where the precise conditions of evaporation-

interception are known, the proportionality factor should be further
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Table 5.5 Precipitation and recharge for

the Roswell artesian basin (1953-1968).

YEAR TOTAL PRECIPITATION f:kpi“) R = fPi

(in.) 7 (in.)
1953 7.7 .078 . 602
1954 13.20 .134 1.769
1955 6.43 . 065 . 420
1956 4,52 . 046 . 207
1957 9.32 . 095 .882
1958 20.71 .210 4.354
1959 13.79 . 140 1. 930
1960 21.03 .214 4.490
1961 7.96 . 081 . 643
1962 9.57 . 097 .930
1963 4,91 . 050 . 245
1964 4.05 . 041 . 166
1965 7.66 .078 .596
1966 6.90 .070 .483
1967 5,32 .054 . 287
1968 14.53 . 148 2.143
Mean 9.85

(1) k = 0.1
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refined to read

13 (5-4)

where C is the limiting precipitation value below which no measureable
recharge takes place. This correction is necessary in semi-arid regions
where potential evapotranspiration usually exceeds the total amount of
rainfall, A further correction could be made for surface runoff: it does
not appear warranted in this case,

The empirical tritium input function is obtained by multiplying
the surface fallout of each month by the appropriate annual proportionality
factor, f. The resulting function is shown in Figure 5.8. The outstanding
tritium peaks are the combination of either large amounts of rainfall with
moderate tritium content (1960), small amounts of rainfall with high levels
of tritium (1963) or high tritium and high precipitation (1958, 1959}, There
were seven periods in all of appreciable tritium injections into the aquifer.
The most continuous injection between March of 1958 and October 1960
can be correlated with the observed tritium peaks in ground water (Figs.
4.7 - 4.11), The gap created by the first testing moratorium is most
clearly seen during 1961 (or 1963/1964 in the ground water profiles).

The monthly inputs are given in Table 5. 6. The individual input
values will be lumped together by season and will be used asthe input mass

of tritium to the one-dimensional time-dependent dispersion equation.
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Table 5.6 Monthly and annual tritium inputs (T, U. -in.)

in the Roswell artesian basin,

YR JAN FEB MAR APR MAY JUN JUL AUG SEPT OCT NOV DEC SUM

1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967

1968

28

13

13

18

15

22

24

34

34

89

102

19

26

2

230

31

39

51

27

11

16

64

27

12

23

10

170

237

90

13

230

138

39

63

19

10

372

100

632

19

165

25

256

44

66

69

16
15
450
110

21

35
180

21

47
14

49

15

174

20

7

11

15

20

20

12

130

19

14

44

48

11

407

42

94

1616

660

988

97

. 592

396
126
409
98
76

212
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In addition to certain other parameters, the model will test the validity and
uniformity of the normalization index, k. (Program listing, App. J).

Discussion. The preceding analysis demonstrates that for a
given set of conditions such as the tritium-time profile of ground water,
precipitation pattern over a basin, and some knowledge of tritium content
fluctuations in precipitation, it is possible to single out an area in which
precipitation is the most likely to contribute to the recharge of the aquifer
in question. Thus, for the northern part of the Roswell basin, the area
surrounding the Farnsworth and Dunlap precipitation stations was found
to be the likeliest source of recharge. The applicability of tritium con-
centrations of precipitation measured at Socorro to the Roswell basin was
also demonstrated.

An empirical expression relating precipitation and recharge to
the deep aquifer was presented. It is not linear and it is dependent on the
fractional mean annual rainfall. The range of annual recharge values
assigned during the study period lies between . 166 in. (4.05 in. annual
precipitation) and 4.5 in. (21. 03 in. annual precipitation). The majority
of recharge values are between .3 and . 9 in. annually. A year with mean
rainfall contributes about | in, to recharge. These values, although derived
from an empirical expression, agree with reported recharge estimations
in the region. Hantush obtained an effective precipitation/recharge rela-

tionship based on dynamic equilibrium considerations which is a linear
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function of three-year effective rain as defined by Hantush (1957) with an
intercept at 4.5 in. as the lower limiting value. Figure 5.7 presents
practically the same lower limit. However, the recharge/effective
precipitation relation derived by Hantush allows for the same fraction of
precipitation to contribute to recharge regardless of the total amount of
precipitation. Theis (1937) in his study of ground water recharge in the
high plains (eastern New Mexico - west Texas) arrived at a value of 0. 25
to 0.5 in, a year. The rainfall on the high plains was between 14 and 22 in.
annually; in contrast with the Roswell basin, the tributary terrain is fine
sand and silt. Fiedler and Nye (1933) estimated up to 25% recharge to the
San Andres limestone aquifer. This value was considered too high by
Bean (1949). In the period 1953 - 1968, the highest value obtained in this

study was 21% of 21 in. precipitation in 1960,

5.2 Correlation of Precipitation with Ground Water

The first buildup of the tritium concentrations in wells along the
Pecos River began during 1961 or 1962 atnd continued, in varying degree,
for about three years. This increase was very pronounced and produced
some strong tritium peaks. Since tritium concentrations in rain water
before 1962 were only moderately high (< 1000 T. U.), the observed

increase of tritium content in ground water must have been the result



of a series of wetter than average years.

In an analysis of this kind the natural starting point is to identify
the appearance of the highest tritium peak observed in precipitation with
a ground water peak at some fixed point in the basin. The most conspic-
uous peak, actually a series of three peaks, in precipitation occurred
between 1962 - 1964, The most conspicuous ground water peaks were
observed during the same period in 5 of the 7 major sampling wells. The
well distribution over the basin, with respect to the geologic conditions
of the various formations, is such that any direct recharge of precipita-
tion over the basin or leakage through the well casing would have shown
up. In fact, the orderly fashion in which the tritium peaks are seen to
arrive at each observation point rule out this possibility. These 1962 -
1964 ground water peaks can therefore only be related to the 1958 - 1960
precipitation and tritium peaks (Fig. 5.3). This must be true because
it was shown in Sec. 4.2.1 that increased tritium levels measured in
well samples in 1959 were due to the first atmospheric tritium peak whicl'-l
was the result of the first atmospheric testing series (Castle) in 1954. The
sharp separation and proper correlation of these peaks is largely due to
the fortunate circumstance that the atmospheric peaks of 1954 and 1958 -
1560 occurred in years that were wetter than normal in the recharge area
of the Roswell basin, while the intervening years were drier than normal

{(See Fig. 5. 3).
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Given the above correlation, it follows that the ground water
peaks of 1966/1967 were caused by the tritium peaks in precipitation
that occurred in 1962-1964. The size of those peaks is much smaller
than the preceding ones because 1962-1964 were years of below-average

precipitation in the recharge area (Fig. 5. 3).

5.3 Hydrologic Parameters

Combining tritium observations in ground water with hydrologic
and geologic data quantitative determinations of velocity and porosity
become possible. The numerical values should be treated as large-
scale averages for the northern part of the Roswell basin (north of T.

16 S.). The numerical values of velocity and porosity are important to
most hydrologic studies. It is very seldom that these values are obtain-
able on a large scale. In this study the velocity is needed for testing

the applicability of the dispersive flow model for predicting variations in
tritium concentrations of ground water in fractured rock.

The local inhomogeneity of the fractured limestone aquifer has been
demonstrated time and again by well logs. Probably the best example was
reported by Havenor (1968, App. A and B) of a complete core analysis from
a well, 10,24, 34.444. The core analysis which includes core recovery,

permeability and porosity indicates the following:
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{a) Core recovery from the top 250 feet of the San Andres Lime-
stone (250 - 500 feet below the surface) was very poor due to highly
cavernous rock,

(b) Porosity determinations for about 270 core sections (between
250 - 1100 feet) showed the majority of the values to fall between 1% and
8%.

{c) The higher values of porosity for the upper section were esti-
mated in part from the poor recovery and rock fracturing.

(d) In the section between 500 and 1100 feet below the surface,
porosity was consistently more uniform.

Effectively there seems to be a high permeability zone of about 200 feet
in thickness.,
According to Darcy's law, the velocity of a particle along a

streamline at any point may be described by:

V- E_Xéi
o A ds (5-5)

where,

K - hydraulic conductivity of the medium (L/T)

6 - porosity of the medium
¢ -~ the piezometric head /L)
L

s - the hydraulic gradient along direction of flow.
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In aquifers of uniform thickness (b), the transmissivity may be defined as:
T=Kb (5-6)

where T has the dimensions of L2/T or gpd/ft. The hydraulic conductivity
used is the average value in a vertical section. These coefficients together
with the flow velocity constitute the hydraulic parameters of the aquifer
(Hantush, 1964),

5.3.1 Ground Water Flow Velocity and Direction. The use of natural

tritium as a tracer provides a tool for computing regional flow velocities
which, in turn, give a check on K and T values derived from pumping
tests, The natural tritium tracer method affords two ways of determining
flow velocities: by first arrivals of the tracer or by timing the travel
distance of an identifiable tritium peak between two observation points.
The calculations are complicated by the fact that during the years con-
sidered, hydraulic gradients and flow patterns changed appreciably due
to heavy pumping. This is brought out by potentiometric-surface contour
maps presented by Saleem and Jacob (1971). From the available data
both methods could be used.

Clardy, Allison, Wiggins, and Pollard wells are located about
15 to 20 miles east of the San Andres Limestone exposure. They are also
the same distance from the region between the three structure zones

(Y-O, Six-Miles, and Border Hills) (Fig., 2.3}, The {first tritium peak or
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group of peaks whose passage through these four wells was traced in its
entirety by tritium measurements began to arrive between August 1961
and January 1962. This first group of peaks resulted from the 1958—1960—-
precipitation as was shown previously.

For a first approximation, the winter recharge of 1958, in order
to have arrived at the wells in October 1961 from a distance of 15 to 20
miles, had to flow at a velocity between 62 and 83 feet/day. Although this
approach ignores the changes in hydraulic gradient especially between the
unconfined/confined parts of the aquifer, its validity can be tested with the
tritium peaks that arrived later. From the tritium concentration/ time
profiles for the four above wells and Elk, it can be seen that the following
periods of injection are all spaced with the same time delay of about three
and one half years. Although a more unique determination could have been
carried out by having a number of wells located along a flow path, with the
available data limits of determination could be considered. Arrival time
of the first peak was clearly the result of 1358 recharge. Therefore any .
increase in distance between the recharge area and the location of the
wells would require flow velocities in excess of 100 feet/day. In addition,
any allowance larger than a few months for unsaturated flow (seepage
from surface to aquifer) will also increase the flow velocity considerably.
Because of the proximity of the recharge boundary to the heavily pumped
section of the aquifer, changes in hydraulic gradients will influence the

incoming water. Summer recharge primarily takes place during the
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irrigation season in the region. Pumpage causes steeper gradients at the
recharge boundary. Therefore, summer recharge is faster than winter
recharge. Furthermore, such variations in recharge velocity may introduce
some irregularity in the spacing of successive tritium pulses.

There are a few observation wells for which the flow velocity and
direction can be calculated from a tritium peak traveling through the aquifer.

(a) From the 1959 data it was determined that the observed highs at
Wiggins (145. T.U. January 1959) and Pollard (42. T.U. March 1959) orig-
inated with the 1954 recharge. By contrast, Clardy showed only 8 T. U, in
January 1959, The conclusion reached in Chapter 4 (Sec. 4.2.1) was that
a tritium peak due to the June 1954 rainout (Table 5. 6) had swept through
the region from west to east. Because of the higher transmissivity in the
northern part of the basin where Clardy well is located, it appears that the
low value at that well represents the wake of this tritium peak, Considering
the approximate limits and approximate extension of the recharge area, the
peak traveling at about 70 feet/day should have passed through Wiggins and
Pollard early in 1959.

(b) From data presented in Appendix E, well NO 23 (Kerr Bros. ),
about 6 miles west of Wiggins. showed a tritium peak during 1962; March -
250, T.U.; April - 284, T.U.; and May - 192. T.U. With a flow velocity
of 70 feet/day, this peak should have been observed at Wiggins 15 months

later (or about July/September 1963). Indeed, a peak was observed at



Wiggins between May and August 1963 as follows: May - 160 T, U.;
July - 263, T.U.; August - 110. T.U.

(¢} The similarity between Clardy and Allison is very striking;
especially for July-November 1961, A very sharp peak was observed in
Clardy during September (201. T.U.) and in Allison during October (135.
T.U.). Both dropped to about 3. T, U. in November. From potentio-
metric-surface contours (Saleem and Jacob, 1971) and the tritium peak, it
seems that the flow in that region is from north northwest to south south-
east. Therefore, at 70 feet/day the peak should have been observed in
Allison a month after its appearance in Clardy. The data seem to bear
this out. A similar relation was observed between August 1965 and March
1966. The tritium peak, much broader in this case, was slightly earlier
in Clardy than in Allison.

Not all of the peaks can be correlated or explained with respect to the
flow direction. The tritium peak observed in Patterson March 1962
could be the same peak observed in NO 13 May 1962. The time delay is
in accordance with the distance and velocity but not with the location in
relation to the recharge boundary. In spite of being located much closer
to the recharge boundary, the tritium-time profile of Woods well is
almost identical to that of wells along the Pecos River; this may be
explained by the low transmissivity of the unconfined part of the aquifer,

Woods is located on a hill 6 miles west of the limestone-alluvium boundary
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(Fig. 4.5). The three highest tritium peaks (raw data) at Clardy, Wiggins,
and Pollard were 662. T.U. February 1962; 582. T.U. November 1962;

and 486. T,U. July 1963, respectively. A movement from northwest to
southeast through the three wells at a velocity of about 58 feet/day would
account for this. The decrease in peak magnitude is also in the correct
direction.

In these calculations, the velocity always has about the same
magnitude. This is true even where more than one correlation could be
made between peaks or flow directions in neighboring wells. The value
is 70 £ 10 feet/day on the average in the northern part of the basin. This
value will be checked further in the following sections. The average
velocity obtained does not vary with time, as was indicated by the equal
time delay of at least five peaks that were measured in the different
wells.

5.3.2 Porosity. The porosity value can be calculated by using the
average velocity in Equations {5-5) and (5-6), some known local trans-
missivities, and the measured hydraulic gradient. Transmissivities
obtained by pumping tests varied from 16, 000 to 2,500, 000 gpd/ft and are
presented as an idealized equal transmissivity map (Fig. 2.3). The
hydraulic gradients are taken from the potentiometric-surface contour
maps for the years 1954-1969 (Saleem and Jacob, 1971). The porosity

calculations will be separated for three locations: the immediate vicinity
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of Roswell, Hagerman, and west of Roswell near Woods well. The cal-
culated and adjusted values are summarized in Table 5.7, where
K /% 1s calculated by Eq. (5-5) using the average tritium velocity.
\4

K_ 1s calculated by Eq. (5-6) using average transmissivity values

obtained from pumping tests.

By varying transmissivity or average flow velocity within the
reported or calculated limits, the porosity of the San Andres limestone
aquifer in the vicinity of Roswell is about 1%. Transmissivity values of
the order of 250, 000 ftZ/d computed from pumping tests are somewhat
conservative, Some of these tests have indicated transmissivities as
high as 400,000 ftz/d (e.g. Clardy well). By decreasing the transmissi-
vity to 200, 500 ftz/d, the porosity is still of the same order of magnitude
when adjusting the velocity to 60 feet/d.

The area near Hagerman has a much higher hydraulic gradient
(25 feet/maile) and transmissivities are of at least one order of magnitude
lower than near Roswell. For an average transmissivity of 10,000 ftz/d
and velocity of 50 ft/d the porosity should be only 0.5%. However, from
well log data and the rock type, porosity of less than 1% is not likely.
Assuming that 1% is the lower limit of porosity in this area. a velocity
of about 35 feet/day gives the best agreement with the measured trans-
missivity, hydraulic gradient, and well penetration. This is a rela-

tively small adjustment of the regional velocity calculated for the basin

as a whole from first arrivals of tritium peaks.
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For the area of Woods well, tritium arrival was observed almost
at the same time as in the wells near the Pecos River. Recharge to the
latter is from north northwest, recharge to the former directly from the -
west,

Calculations are based on porosity and transmissivity values
which were reported by Theis (1951). The purpose of the calculations
is to show that the flow west of the recharge boundary is much slower than
in the confined part of the aquifer. Theis (1951) had estimated the limits
of porosity in the vicinity of the Hondo Reservoir between 5% and 10% and
average transmissivity about 267, 400 ftz/d. The hydraulic gradient for
1964 was about 10 feet per 6 miles. Based on these values tritium measured
at Woods well traveled the distance of one to three miles in 4 years ( 4 - 10
ft/day).

From the flow velocity and porosity the amount of recharge that
can be transmitted eastward by the aquifer under the present conditions
can be calculated. For one mile width and 2 feet effective thickness of
the aquifer and flow velocity of 70 feet/day, this amounts to 17 acre-feet
per day or over 6,000 acre-feet per year. This value agrees with Theis'
estimate of 5,000 acre-feet per year per mile in the northern part of the
artesian basin.

5.3.3 Residence Time. Residence time of water in the northern part

of the basin (north of T. 16 S.) between the recharge area and just east of
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the Pecos River is at most 4 years. As far southas T. 1585., R. 26 E,
(Pollard well), tritium levels were high even during 1959, The different
wells along the Pecos River sampled at different times gave the same
water ages. The observations appear to be systematic with respect to
the fallout pattern over the recharge area. Some slight differences could
be expected from purely hydrologic considerations where during the pumping
season more water is drawn from deeper levels of the aquifer.

In the region south of the Chaves-Eddy county line there was no
appreciable increase in tritium levels east of R. 23 E. as late as Septem-
ber 1961. Therefore, the residence time of ground water just east of the
Village of Hope (well NO 45) is at least 7 years.

The significance of the short residence time in the northern part
of the basin is that water from the recharge area west of Roswell moves
at a fast rate toward the heavily pumped region. As a result, the ground
water potential of the Roswell artesian basin will have to be reevaluated.
The second implication is the possible movement of any contaminant from
the recharge area to the center of the pumped area in less than 4 years.
From the observed tritium peaks in ground water, it may be deduced that
any such contaminant will not be appreciably dispersed and consequently
little dilut:on will take place,

5.3.4 Recharge Estimations. The precipitation/recharge relationship

preosented in Section 5. 1.4 is not a linear function. The physical meaning
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of this is that during dry years the-fracztxon of the total precipitation which
contributes to recharge is much sinaller than during wet years., The -
relationship developed by Hantush (1957) and used unmodified by Saleem
and Jacob (1971) was linear. For these authors, the same (raction of
total rain always is effective recharge. This has the effect of over-
estimating recharge during dry years and underestimating it in wet years,
Hantush's budget calculations were based on a dynamic equilibrium con-
cept where no change in water levels implied that the recharge of that
year was equal to discharge. _This type of water budget takes into account
leakage to the aquifer from the adjacent formations which is not accounted
for by the actual amount of recharge. Computation of recharge to the San
Andres Limestone depends on the surface extension one assumes for the
so-called principal intake area. The calculation is simplified by the karstic
nature of the limestone terrain, because most of the rain runs off for short
distances only before it is absori)ed. As observed by Motts and Cushman
(1964) and Bean (1949}, these conditions exist primarily north of the Rio
Hondo. The tributary area to the pPrincipal recharge area of the San Andres
Limestone aquifer is probably larger than 2500 miz, The western boundary
of this area is a north-south line through Picacho.

Even though the recharge area is large (2,500 miz), Saleem and
Jacob overestimated aquifer replenishment for dry years., The agreement

’

between the present method and Hantush's method is much better during

years of high precipitation,



165

5.4 The Dispersive Model

5.4.1 General. The mixing and spreading of recharging water info
the aquifer water is called hydrodynamic dispersion. This phenomenon
can be observed only when the incoming waters are either of different
chemical quality or are tagged with a tracer. In the case under study,
the incoming waters are tagged with a natural tracer of different concen-
tration from the aquifer water. Hydrodynamic dispersion is an unsteady
process in which the tracer is continuously mixed. The dispersion equa-
tion (Bear and Bachmat, 1965) is a mathematical expression which des-
cribes the mixing process. The process depends on the properties of
the porous medium and the transport of the tagged water in the flow field.

The general equation of dispersion in a homogeneous porous medium is

given by
BCa - i ?Jca = oC
St 5x.< ij ox. > T i dx. (5-7)
i J 1
where

C o - tracer concentration of the @-component

%, . - cartesian coordinate system
1,

D.. - components of the dispersion coefficient (second rank tensor)
1)

co s th . .
Vi - average velocity in the i direction

The dispersion coefficient has two parts:

D = D' + Dd (L%/T] (5-8)
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where

D! - coefficient of mechanical dispersion g
Dd - coefficient of molecular diffusion

The dispersion coefficient is a measure of the rate of spreading of a tracer
in moving water. Al very low velocities the predominant mechanism of
mixing is due to molecular diffusion so that D = Dd. At high velocities
where the mechanical dispersion predominates D can be considered equal
to D',

The macroscopic relation for the conservation of a dispersed
tracer is represented by a convective-dispersion equation. This equation
reproduces the tracer distribution and allows determination of the dis-
persion coefficients. For unidirectional miscible displacement, equation

{(5-7) can be written as

C/
O
[e%)
)
!
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]

-

]
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v L
(€54

Q
»

(5-9)

where
DL - longitudinal dispersion coefficient, scalar
V - average seepage velocity (Q/€ A).

At the present. analytical solutions of the general dispersion
equation are available for specific oversimplified cases only. Work in
the field of dispersion resulted in analytical solutions of longitudinal and

transverse dispersion in homogeneous isotropic media (de Josselin de

Jong, 1958). Some approximate solutions have been obtained for a two-
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dimensional flow field. Numerical solutions of more complicated cases
were presented by Shamir and Harleman (1967)., The dependence cof the

dispersion coefficient on the velocity and the medium is given by

——

D=DmV (5-10)

where Dm is the dispersion constant or the medium's geometrical dis-
persivity (L), The dispersion constant is a measure of the medium's
properties. The importance of determining the dispersive properties

of an aquifer is mainly in waste disposal and artificial recharge. These
operations require the ability to predict the patterns of mixing for an
efficient management of the underground reservoir. The major difficulty
in applying the theory to field situations is that the flow velocity and the
dispersion constant of the medium are required. Attempts to apply dis-
persion constants measured in laboratory experiments or obtained from
theoretical considerations to actual field situations showed differences of
more than two orders of magnitude (Fried, 1972)., The reason for the dis-
crepancies is that the basic assumptions for the derivation of the disper-
sionsion equation include a highly uniform flow field. In actuality, the
aquifer is inhomogeneous and anisotropic. Flow is mostly nonsteady

and non-uniform due to variations in recharge, pumpage, and flow
velocity. This puts the problem beyond the reach of rigorous mathematical
techniques presently available. Since the ultimate goal is to solve prac-

tical problems the following simplified approach attempts to test the
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usefulness of the results obtained by environmental tritium in a unidimen-
sional dispersion model.

5.4.2 The Dispersion of a Pulse. Nir (1964) discussed the application

of a well known solution of Equation (5-9) for the prediction of tritium
distribution in a porous medium. Based on laboratory and field experi-
ments, it appears that tracer distribution in laminar flow through a gran-
ular porous medium can best be described hy a type of nonsymmetric
distribution, which relates dispersivity to time, distance, -and the physical
characteristics of the medium (Rafai et al., 1956; Scheidegger, 1961}). In
order to check the applicability to the present study and the validity of the
tritium input function, use is made of the solutions of the dispersion equa-
tion presented by Scheidegger {(1960) and Nir (1964). The solution of

Eq. (5-9) for the progress of a thin slug with the initial condition

Ci(x,0) = Q 8(x) (5-11)
is
.2
Cix ,t) = Q {x -wvt)
o) e eXp | - __ O

6A\ 4 nDt [ 4 Dt } (5-12)
where
C{x, 0) - linear concentration {concentration/unit length)

& - Dirac distribution of the unit impulse

Q - the total amount of tracer contained in the slug
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C(x .t) - tracer concentration at any distance and time
0

gA - effective cross section area perpendicular to the direction of
flow (6 bw)

t - elapsed time since injection
X, - distance traveled in the x-direction
Equation {5-12) describes an instantaneous pulse (or delta distribution)
under the assumption that the tracer was introduced as a line source
uniformly distributed over the land surface as a pulse of short duration
(Bennett and Kaufman, 1967). With the relationship (5-10), Eq. (5-12)
can be written in terms of the dispersion constant and the average dis-

tance traveled (x = Vt) rather than as a function of elapsed time

2
C(xo,x) = **——--Q—**'*‘ exp | - M
6 A\ 4nDmx { 4 Dmx (5-13)
t/r

In the case of a radioactive tracer, the correction for time decay (e” )
should be applied, where T is the mean life of the fracer. In this study

Eq. (5-12) is used since the observed tritium concentration-time profiles
are available for various fixed observation wells in the basin (Figs. 4.7 -

4,13).

5.4.3 The Physical System, Roswell Basin. For the purpose of

testing the dispersive model the entire hydrologic complex, from the
exposed limestone where precipitation infiltrates toward the water table

to the point of discharge or sampling, is treated as one unit. The real
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test. of course. is the success in reproducing the tritium concentration-

time profiles as they were observed in ground water.

Fquation (5-12) considered the longitudinal dispersion only with
an inirial tritium profile being a step function of a short duration. The
validity of its application to the Roswell basin and its boundary conditions
is discussed next. From the observed tritium concentrations in neighbor-
ing wells it was concluded that no gradient of tritium concentration exists
perpendicular to the flow direction. It was also shown that for most of
the study area ground water flow is in an easterly direction. In the same
region, the recharge boundary of the limestone aquifer is approximately
along a north-south line. On the average, recharge to the aquifer takes
place only four months (June-September). Summer rains produce a
pulse input of tritium into the system, It was also shown {Ch. 4) that the
observed tritium-time profile for the long-record wells is the result of
a series of pulses (seasonal inputs) which were introduced in a sequence,

The tributary area of the San Andres Limestone aquifer extends
from the recharge boundary to the west. However, effective recharge
takes place mostly through vertical fissures and sinkholes in an area
near the structure zones close to the recharge boundary. The slow
arrival of tritium at Woods well as compared with the wells near the
Pecos River (Sec. 5.3.2) indicates that fast recharge takes place east

of the location of Woods (less than 6 miles west of the recharge boundary).
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From the short-record data of 1959 (Sec. 4.2.1) it was shown that in the
confined part of the San Andres Limestone aquifer tritium is uniformly
distributed along the vertical section of the aquifer. These observations
support the notion that the recharging water, which enters the aquifer
near the recharge boundary, flows under confined conditions a short time
(on the order of a few months) later. Therefore the flow in the unconfined
part can be neglected and the confined part is treated as a uniform velocity
field.

The high velocity in the confined part of the aquifer also assures
the separation of the incoming pulses. The general solution, therefore, is
an equation which sums by the principle of superposition the effect of each
tritium pulse at a point in space and time.

5,4, 4 Calibration, The observed tritium concentrations and the cal-

culated average regional velocity were first used to calculate the order of
magnitude of the dispersion constant Dm. This was done by solving Equation
(5-12) for a range of Dm values. It was found that the best fit was obtained
for Dm = 70 T 5 feet. The computations were accomplished by digital com-
puter.

In the calibration , two other quantities were utilized: the amount
of tracer input per pulse (Qi); and the effective cross section of the medium
(6 A =6bw}. These two quantities are not entirely independent of one

another and will be discussed in the next section. It should be made clear,
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however, that the model is more sensitive to variations in the effec-
tive thickness of the aquifer (gb) than to variations in the width of a
flow path (w=6 miles produced the best results).

5.4.5 Application, The dispersion equation (5-12) was numerically

solved by digital computer. It was slightly modified to take into account
the time decay correction for tritium. The solution is in the form of
summed tritium concentration at any distance and time due to the total
number of pulses injected into the aquifer (See program listing, App. J).
For practical results the distance was limited to 24 miles and the cal-
culations carried out to 10 years. The conversion of units used in the
scheme are given in Appendix A. The input tritium pulses were calcu-
lated directly from Table 5.6 (or Fig. 5.8), The input quantities were
converted from T.U. ~-in., to mCi/miZ (100 T.U, ~in, = 21 mCi/miZ).
During the calibration procedure it was found that the most consistent
set of results was obtained by dividing the recharge area into strips of
6 miles by 12 miles, north-south and west-east, respectively. The
total activity of tritium inpul per pulse (Qi) was then determined by
multiplying the amount of tritium input (per square mile) by the fallout
area (72 square miles), In all, 38 seasonal pulses were used to gen-
erate the dispersion equation for the entire study period. The results
are in the form of tritium concentration~time profiles for any given
distance from an injection. Figure 5.9 is such a profile for a well

located 20 miles from the recharge boundary.
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5.4.6 Results. Although the scheme may not be a true representation
of the flow system and its boundary conditions, it does reproduce the obs-
erved output tritium profiles and the width of the disperse tritium pulses
about 4 years since injection. The velocity term and effective thickness
of the aquifer used in the solution of Equation (5-12) were independently
obtained from the combination of tritium and hydrological data (Secs. 5. 3.1
and 5, 3. 2).

The use of each monthly tritium input in the generation of the
dispersion equation did not duplicate the correct tritium output profile.
Only by combining the inputs into seasonal pulses the predicted profile
came close to the observed one. This result may point toward the unsat-
urated percolation mechanism in the limestone terrain. One conclusion is
that at such fast rates of percolation all individual pulses derived from a
particular summer precipitation are lumped together as they reach the
saturated zone of the aquifer.

The applicability of the dispersion theory, derived for a granular
medium, to a fractured aquifer has important consequences. What this
study has demonstrated is that with all the uncertainties of inhomogeneity,
anisotropy, and the prevailing conditions at the recharge area, it is
possible to determine a dispersion constant in situ for a large basin,
Furthermore, knowing the input to the system and regional flow velocity
the behavior of a tracer (or contaminant) could be predicted using a simple

model,
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The dispersion constant determined for the San Andres Limestone
aquifer (=70 feet) is in good agreement with the values reported by Harpaz
et al. (1968) for a similar medium. From injection and pumping tests in
a karstic limestone aquifer, they obtained an average value of Dm = 10 -
20 m. In this case no laboratory experiments were carried out, For a
sandstone aquifer they reported Dm = 0.00l m and Dm = 0.2 - 0.5 m
from a sand model in the laboratory and in situ determinations, respec-
tively, With a two-well tracer method, Grove and Beetem (1971) measured
Dm = 125 feet in dolomite of the Rustler Formation near Carlsbad, New
Mexico. Since the distance between tracer injection and pump was only
180 feet and their calculated porosity 12%, the obtained dispersion constant

( = 125 feet) could have been influenced by the geometry of the experiment.
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6. SUMMARY

6.1 Summary of Conclusions

This study was a quantitative attempt to obtain hydrologic char-
acteristics of a limestone aquifer and its recharge area based on environ-
mental tritium. The investigation relates three topics for study: tritium
tracing and dating techniques, geohydrologic concepts of water movement,
and the precipitation/recharge relationship in a semi-arid region. More
specifically, natural tritium tracing was made possible by ground water
recharge of a fractured limestone aquifer. These topics are combined for
a quantitative appraisal of the variations in tritium concentrations observed
in precipitation and well waters. The aim was twofold: (a) to determine if
results obtained by tritium tracing and dating methods confirm existing
physical characteristics of the system and (b) to explore the possibilities
of obtaining hydrologic parameters which could be determined primarily
by the tracer method.

The analysis yielded mainly average values of hydrologic para-
meters for the northern part of the Roswell artesian basin. The major
contribution of the tritium tracing method is in its integrated presentation
of the region between the recharge area and the observation wells. It was

found to be very effective in a carbonate aquifer where transit time is
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relatively short (€4 years) as compared to the tritium mean life (=18 years).

By utilizing precipitation data and the measured tritium concen-
trations of precipitation, fallout patterns for two areas in the basin were
established. From these, together with the observed tritium output pro-
files in ground water, a precipitation/recharge relation was found which
is a function of the ratio of annual precipitation to mean annual precipitation.
This relation was tested by constructing an empirical tritium input function
which in turn was used to generate a unidirectional dispersion model. The
order of magnitude and trends of the predicted tritium output profiles as
compared with the observed ones, are within reasonable accuracy for the
purpose of hydrologic investigation,

The results of this study are summarized in the following para-
graphs.

(a) The general direction of ground water flow became apparent from
the observed variations in tritium concentration of ground water in the
northern subregion from about the Rio Hondo to the Chaves-Eddy county
line. In the northern zone centered in Roswell, the flow is from north-
northwest. The flow is toward the east in the zone between Hagerman
and I.ake Arthur.

(b) 70 T 10 feet/day was calculated as the average value for ground
water flow velocity in the confined part of the San Andres Limestone in

the northern subregion.
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(c) From pumping test data and the ground water velocity calculated
from tritium pulse tracing, an average regional effective porosity of 1%
was derived.

From this and well penetration data the effective thickness of the
producing unit of the aquifer was determined to be 2 feet ( =gb). This
number was verified by the dispersion model of this study and by geo-
chemical model (A. Mercado, personal communication, 1972).

(d) On the basis of tritium residence times, two ground water sub-
regions were delineated within the basin. The northern subregion (north
of T. 16 S.) is characterized by a residence time of 4 years. The central
subregion (south of T. 15 S.) shows residence times of at least seven
years, These results are partially substantiated by hydrologic studies and
geologic mapping.

(e) Tritium was used as a tracer in determining the area where re-
charge to the northern zone of the limestone aquifer occurs most readily.
This was done by correlating the observed tritium in ground water with
precipitation patterns at Dunlap and Farnsworth Ranch., This was facil-
itated by the fact that recharge in this region takes place mainly during the
time when tritium levels in precipitation are at their yearly highs, The
principal intake area to the northern subregion of the basin covers approx-
imately 2500 miz and extends from about T, 1 S, to T. 15S. and from

R. 18 E. to R, 21 E,



182

(f) Results obtained by the dispersive model indicate that the
theory of hydrodynamic dispersion is valid in a fractured and layered
medium under the assumed conditions of flow and tracer input. The
sharp tritium peaks observed in various wells are also indicative of a
system which does not have much mixing between the recharging water
and the older water. The dispersion constant was calculated to be

70 T 10 feet.

6.2 Recommendations for Further Study

During the course of this study several areas became apparent
which should be the subject of additional investigations.

(a) A more extensive survey of tritium content of ground water in the
central subregion of the basin (west of Artesia). The early sampling of
1959/1961 indicated a low permeability with a much longer residence time
for tritium than in the northern’part of the basin. Precipitation on the
recharge area of this subregion during 1953 - 1968 was constantly higher -
and with less variations than in the northern subregion. The tritium input
function constructed for the central subregion (Fig. 6.1) indicates large
tritium input during 1962, 1963, and 1965. A sampling program for tritium
in this subregion would be used for testing the validity of the precipitation/
recharge relationship which was developed for the northern subregion of

much higher permeability.
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(b) Further development of the tritium tracing and dating method
in the study of recharge mechanisms in a karstic terrain. Preliminary
results (Sec, 4.2.1) have indicated that the unsaturated percolation in the
northern recharge area of the Roswell artesian basin is rather fast (4 to
12 months). Thus, a conclusive study on the actual recharge rate should
be possible in a relatively short time.

(c) The installation and operation of additional precipitation measuring
stations northwest of the basin (between Roswell and Farnsworth Ranch) is v
essential for a more realistic forecast of potential recharge to the San Andres
Limestone aquifer,

(d) Revision of the ground water budget for the entire artesian basin
on the basis of the precipitation/recharge relation and a more precise
definition of the effective recharge area.

{e) The in situ determination of the dispersion constant (Dm) should
be expanded to include its dependence on velocity and distance from the
recharge boundary. These additional determinations are extremely im-
portant especially in light of recommendations for artificial recharge of
imported water. The dispersion constant is critical in predicting the
water quality to be produced after a time span at some distance from the
injection site,

(£} In a regional investigation of ground water systems the stahle

. 18 . . .
isotopes O = and deuterium should be used in conjunction with tritium
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1
tracing and dating. The depletion of O 8 and deuterium in precipitation
and ground water can be used as an indicator of geographic origin of
precipitation (in this case, from the Pacific and the Gulf of Mexico, res-

pectively) and as an additional criterion for correlation between ground

water and precipitation.
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Appendix A

Units and Conversion Factors

1T.U. = 1 tritium atom/10'8 hydrogen atoms
= 7.2 %103 dpm/ml

= 3.24 x 107 Ci/ml

1 liter = 1000 mi

1 gallon = 3785 ml

1 mi? - 2.590 Km®
= 640 acres

] acre-feet = 43,560 ft>

3.26 x 10° gallons

1 £t /mi = 1.89 x 1074 ft/1t
1000 gpd/ft = 133.7 £t2/d
- 12.5 m?/d

Conversion of fallout units. The concentration of tritium in rain

is measured in T, U. Rainfall is reported in inches which could be re-
garded as the measured depth of water on land surface. The product
T.U. -in. is the tritium fallout. The following units were used in this

study:
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1 T.U. xinch = 3.24 x 1072 Ci/ml x 2. 54 cm/inch

15 2

8.23x10"

1

Ci/cm

1 mile 160,000 cm

1 mile2 = 2.56x% 1010 c:rn2

' 2
1T.U. x inch 0.2107T mCi/mi

It

For example, if 1 inch of rain with the concentration of 100 T. U. fell over

an area of &6 miles x 12 miles, the total activity of tritium is:

Q=21.07x10"° Ci/mi? x 72 mi2

1§

1.5 Ci

The calculated Q is the total activity deposited by rain.

Conversion of total tritium input to concentration. Tritium

input (Q) in equation (5-12) is given in Curies {Ci) and the predicted
concentration distribution at any point, C{x,t), is in units of concen-

tration {T.U.). From C(x,t) in Ci/ft the following conversion is used:

C (Ci/ft) , 1 309 x 10'% (T.U.)

T-U. = 3(5) x w(ft) xg 28,320 (cmS /ft3) (Ci/ml)

where,

b

thickness of the aquifer (200 feet)

g
H

the width of a strip equivalent to a pathline (6 miles)

D
f

porosity (0. 01)
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Appendix B

Theory of Tritium Enrichment

During the course of this study, three methods were used for
the electrolytic enrichment of tritium. The main difference between
these methods was the method of determining the enrichment factor.
The magnitude of enrichment was dictated by the sensitivity of the
counter used at the particular time and the origin of the sample meas-
ured. Depending on initial volume, one of three electrolysis procedures
was used:

(a) A large initial volume (2000-6000 ml) was reduced to less than
one milliliter in four to five stages. The final product was recovered by
vacuum distillation and its quantity was determined by weighing.

(b) A moderate initial volume (500-2000 ml) was reduced to 2 ml,
or 7 ml in two or three stages. The final sample was recovered either
by regular or vacuum distillation and its quantity was determined by
volume.

(c) A small initial volume (constant = 250 ml) was reduced to 2.5
ml by periodic additions being made to the same electrolysis cell until
the whole sample was used up. The final product was recovered by

vacuum distillation into a weighing bottle.
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The basic enrichment theory was the same for all methods used. Differ-
ences resulted from the fact that the determination of tritium enrichment
for (a) and (b) depended on deuterium enrichment which was measured by
the falling drop method, whereas (c¢) provided a direct measure of tritium
enrichment. The falling drop method is described in Appendix C.

For solutions low in deuterium concentration, the enrichment

equations are {Kaufman and Libby, 1954):

- R ’
4= " t {B-1)

which has the solution

2 avy ey
Po do>:<to> (B-2)
where p/po can be replaced by V/V_, and p=>d=st.
The symbols used are:
V0 and V initial and final volumes, in ml, respectively;
P, and p initial and final number of moles of protium, respectively;
do and d initial and final number of moles of deuterium, respectively;
to and t initial and final number of moles of tritium, respectively;

& and P are the separation factors for deuterium and tritium with

respect to protium, respectively.
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B.l Multi-Stage Electrolysis.

The enrichment factor for tritium, in terms of the measured
quantities, is obtained by solving the second equality of Equation (B-2).
The form of solution adopted by this laboratory for tritium enrichment

is as follows:

a/B
T <_YP_X D .,V
o NV A0.015 Vg (B-3)
where, T and T are initial and final tritium concentrations of the

[e]

sample, respectively; D is the deuterium concentration in mole percent;
0.015 is the assumed concentration of deuterium /in mole%) in natural
water and therefore the deuterium concentration at the beginning of the
electrolysis process.

In Equation (B-3), depending on the method of electrolysis used
the final quantity of sample was measured by weight or volume. For

method {a), Equation (B-3) becomes

_T_(Y_‘,’X p_ wy\’
To WA0.015 vV, ) (B-4)

where W is the final weight of the sample in grams. The density {p )

of the enriched sample is calculated from the increase in deuterium con-

centration (the effect of tritium enrichment on the density is negligible).
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The conversion from volume/weight to volume /volume is then,

VoV,
vV P (B-5)

(o]

The matter is further complicated when a sample had to be diluted prior
to the determination of its density by falling drop. As will be shown in
Appendix C, the validity of the falling drop assay for the density of
enriched samples holds only for deuterium concentrations of less than

8 mole percent. For that reason samples are diluted with deionized
water at preassigned ratios depending on the value of V/W. 1In this
report, samples with LAB NO less than 600 have been analyzed by such
procedure.

The guantities T, VO/V (or Vo/W), and D are determined by
direct measurements in Equations {B-3) and (B-4). An uncertainty is
introduced by the ratio P/ (or /B ). Kaufman and Libby (1954)
reported the weighted average value for 8/0 as 2.1 % 0.10. Since then
Bigeleisen (1962), and Ostlund and Werner (1962) have reported that a
more constant relationship between the deuterium and tritium separation
factors is the ratio of their logarithms. According to Roy (1962) the

ratio is,

logh /loga=1.41 "% 0.01 B-6)
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The procedure for calculations is first, from Equation (B-2), to

determine o from the relation

v ay
7" (3,)
by taking the logarithm of both sides and replacing d and d by their

respective concentrations the expression for @ becomes

()

a -

. Vo 0.015>

n —
v D

or
a = 1

1+ 1n (0.015/D)

In (Vg /V) (B-T7)

with @ known, P is calculated by the relationship (B-6),

The ratio B/@¢ for samples enriched by method (a) (V/W-
enrichment) was found to lie between 1.4 and 2.2. The error is mainly
in the recovery and recording at the last stage where the size of the

sample is less than one gram. The B/® ratio for samples processed by



194

method (b) (V/V-enrichment) was more consistent and on the average

equal to 2.0.

B.2 Electrolysis by Periodic Additions.

Ostlund and Werner (1962) and Ostlund (1966) described the
periodic addition electrolysis cell. For each batch of 10 to 15 cells
one or two cells are initially filled with a sample of known tritium con-
centration. From the initial and final concentrations, initial sample
volume, and final sample weight, the apparent enrichment factor can
be determined (apparent because not all of the sample is in contact with
the electrodes all of the time). Every 24 hours an additional 25 ml of
the sample is added to the remaining volume.

The separation factor { g } is calculated by the relationship,

in l)
8

= VO
In " R —\.[_._
TV, (B-8)

where, VO and V are volume of the sample before and after electrolysis,

and and ¢ tritium concentrations before and after electrolysis.

To
Equation (B-8) can be solved for samples of known T o+ Furthermore,
V the final volume of the sample, although determined by weight is not

corrected for density differences. The assumption is that for such low

enrichment ratios (V,/V = 100, whereas multi-stage ratios are as high
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as 2000), the density does not change appreciably.
The enrichment equation for the batch, once B was determined, .
is then,

_]_/B
O

@

or,

. } Vo 1~1/f3
To <7> (B-9)

By measuring Vo, V, and 1 and calculating 8, T, can then be
determined.

During the course of this study B gradually changed from 8.4
to 16. 2 and appeared to remain constant after that, The largest error
is still being introduced in the determination of the final volume of the
sample. This error affects each sample twice, once in the determination

of B and then in the determination of the unknown sample concentration.
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Appendix C

Falling Drop Assay for Deuterium in Water

For most of the samples presented in this study, the enrich-
ment factor was determined by measuring the deuterium content of the
enriched samples. The deuterium and tritium separation factors were
then calculated from Equations (B-7) and (B-6), respectively.

In general, the density (in mole fraction or mole% deuterium)
of an enriched water sample may be determined accurately by the falling
drop method. This consists in timing the fall of a sample drop through
a fixed distance and at constant temperature in an immiscible liquid.
The density of the medium should be very close to but lower than that of
the sample. To a first approximation, the rate of fall of the drop is
governed by Stokes' law (Kirshenbaum, 1951).

Stokes' law states that when a small sphere falls under the
action of gravity through a viscous medium, the sphere acquires a
terminal velocity

_2gr¥(di - dy)

Vi
9 1 (C-1)
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where,

vV, = terminal velocity —
r = radius of the sphere

g = acceleration due to gravity

di = density of the sphere (unknown)

d, = density of the medium

n = coefficient of viscosity

For a small difference in density between the liquid being measured and
the liquid through which it is falling, the rate of fall of the drop (Vy) is
directly proportional to the difference in density of the two liquids. The
construction of the apparatus is such that all variables in Equation (C-1)
are kept constant and the time of fall is inversely proportional to the
density of the drop.

The accuracy in determining the enrichment, and eventually
the initial concentration of tritium in a sample, is most sensitive to the
deuterium measurements. Deuterium, being non-radioactive and present
at fairly high concentrations in the enriched samples (0.4 to about 4 mole%),
is very conveniently measured by the falling drop technique. The technique
is straightforward and the results are obtainable by calibration with stan-

dard samples.
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Figure C.1

General view of the falling drop apparatus.

Constant temperature bath

Fall tube.

a.

b.

Micropipette and capillary tube assembly.

Slide to control drop size.

c.

d.
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C.1 Falling Drop Apparatus.

Figure C.l is a general view of the falling drop apparatus cun-
structed at New Mexico Institute of Mining and Technology and used in
this study. The main parts of ‘he apparatus are:

(a) Constlant temperature bath (10 gallons capacity) which in-

cludes thermostat, heater, and stirrer.

{(b) Drop fall tube. Two marks are on the fall tube, 20 ¢ and
50 cm below the top. At the bottom is a 100 ml reservoir to
collect the timed drops.

(c} The sample holder is a capillary tube micropipelte arrange-
ment. The tip of the capillary tube is at a point directly
above the center of the fall tube. A slider, with 2.2 cm
window, is mounted on the capillary tube and assures uni-
form drop size.

The operation of the apparatus begins when the constant temperature bath
is at 30.4 £ 0.05 °C. This temperature is above the range of room temp-
erature fluctuations. The micropipette is filled with mercury which in
turn either pushes or pulls the water sample inside the capillary tube.

The capillary tube is rinsed with the sample to be timed, and then filled
again. To deliver a drop below the surface of the liquid, the tip of the

capillary is lowered into the liquid in the fall tube, the sample is pushed
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one window length (the water-mercury interface is the indicator) with
the micropipette and the capillary is raised. By raising the capillary
tip from the liquid, the drop which was held on the tip is caused to fall
through the column. A stopwatch is used to time the fall of the drop
between the two marks on the fall tube. This step is repeated until the
falling time of eleven consecutive drops has been timed. The first drop
is usually discarded and the average time for the ten remaining drops is
calculated.

It is important that the tube be closely aligned vertically so
that the drop falls through the same path each time and does not strike
the sides of the tube. The fall column is shielded with a larger tube

from the agitation within the constant temperature bath surrounding it.

C.2 Fall Column and Standards.

There are very {ew liquids immiscible with water which have
both the proper density and viscosity to make them suitable to fill the
fall column. A single pure compound is necessary, so that there will
be no change in density due to differential evaporation. Two such
organic substances were used in the fall column during this study. Until
May 1967 the liquid in the column was o-fluorotoluene (Eastman organic
chemical #2967) with density 1. 0041 g/ml (at 25 OC), and boiling point

114 °cC. During May 1967 this was changed to iso-butyl benzoate (Eastman
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organic chemical #1183) with density 1. 002 g/ml (at 25 OC), and boiling
point at 237 ©C. The falling distance and temperature remained the
same.

The main difference between the two liquids was found to be
the fall time. A sample (standard D-10) which traveled the distance
between the two marks in 30.13 t .14 seconds when the tube was filled
with o-fluorotoluene needed 55.55 T .30 seconds to fall the same dis-
rance in iso-butyl benzoate. Samples that were previously diluted be-
cause of a very short fall time could be run without dilution. The di-
lution of falling drop samples (usually no larger than 0.2 grams) was a
source of large errors in the calculations.

Standard deuterium samples were purchased from Stuart Oxygen
Co., San Francisco, California, and later from FEuratom, Geel, Belgium.
The first sample had a concentration of DO 99. 5% and the one from
Euratom 99.77 mole% D,O. The density of 99.77% D20 at 25 °C is
1.108. The two standards were diluted and checked against each other.
Both were found to be in agreement. From the concentrated standard
sample, samples for the calibration of the falling drop apparatus are
diluted. Their concentrations depend on the amount of deuterium in the
enriched samples and the fall time. Standard samples are usually be-

tween 0.2 and 5 mole% deuterium. The samples are prepared by weight.
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C.3 Calibration

The calibration of the falling drop apparatus is done with a set
of standard samples. Each calibration is done with a range of different
samples with one or two repetitions. The basis of the calibration is the
linear relationship between the samples' deuterium concentrations (in
mole%) to the reciprocal of their fall times (in min"l). There is an
upper limit of deuterium concentration above which the departure from
linearity becomes so great that the method is no longer valid.

The calibration line is determined by a simultaneous solution
of a set of linear equations (least squares fit) and the calculations are
done with the aid of a computer. The computer program treats each
individual fall time and the corresponding deuterium concentration as
a data point. The results are given as the best fitted first and second
order algebraic equations, and the sum of errors squared for each of
the equations. The variance of the deviation for the best fit of the indi-
vidual drops is the quantity used to evaluate how well the linear or
quadratic fits, through the points, are in agreement. The orientation
of the coordinates is such that the Y -axis is the reciprocal time and the
X-axis is the concentration. In addition, for each case an equation in

terms of mole% DZO is given where the only unknown is the fall time in

seconds. In order to determine the deuterium concentration of an
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enriched sample, one needs to know only the average fall time for a
particular sample.

C. 3.1 Example. Table C-1is an example of a computer output to
program TRITIUM VI (routine program in this laboratory) for the cali-
bration of the falling drop apparatus. Data were obtained in February
1968 and the purpose was to compare the newly diluted Euratom samples
with those used for the previous 6 years. Seven different samples were
used (Euratom: D-40, D-4]l, and D-42; Stuart Oxygen Co.: D-2, D-1l,
D-13, and D-32) and the concentration ranged from 0.579 to 5.434 mole%b
D,O. There was a total of 70 drops and the fall time varied from about
36 to 62 seconds. At the bottom of Table C-1 there are two sets of
results:

{a) The linear or straight line equation and its solution in terms
of deuterium concentration (%) and falling time (T=seconds).
(b) The quadratic equation and its solution.
Figure C.2 is a plot of these equations which may be rewritten in the
following manner:
(a) The linear equation
y = 0.895 + 0.136 x {0 “ =0.0002)
(b) The quadratic equation
g = 0.887+ .47 x - 0.002 x> (0 %= 0.001)

There is no visible separation between the linear and quadratic plots.
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This indicates, in addition to consistency in the operation of the apparatus,
good agreement in the preparation of the standard samples which were “
dilutea from two different sources.

Table C.2 shows rhe results obtained by redetermining the
caribvation line over a twou weeks period. Several of the standard samples
were remeasured to check the constancy of the calibration with time.
During this period deuterium concentrations for a large number of un-
known samples were determined.

C. 3.2 Limitations. To check the limits of application of the falling
drop method, some experiments with extreme concentrations of deu-
terium were carried out. By using standards of 8, 10, 12.5, and 25
mole% D,O, together with the set of 0.2 to 5 mole% D0, it was found
that with 8. 32 mole% D50 the best fit was a quadratic curve through the
points. On the other hand, using deionized water with the assumption of
0.015 mole% D,O concentration did not produce consistent results from’

one calibration to the next.

C.4 Conclusions.

It is demonstrated by Tables C.1 and C.2 that the falling drop
method for the determination of deuterium concentrations is a reliable
and reproducible technique. For all practical purposes, the linear fit

through a set of data points can be used. From the tables it is seen that
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the Y -intercept and the slope of the calibration line do not change from
one calibration to the next. Samples should not be concentrated above
8 mole% deuterium when the falling drop method is used. Calibration
should be repeated before each batch of unknown samples.

The enrichment factor for most of the tritium data presented in
this study was calculated from the deuterium enrichment. Very few

samples had deuterium concentrations above 8 mole%.
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Appendix D
Monthly and annual precipitation (in.)
for the study area and Socorro,

JUNTY LAT. 32,24 LCNG.1le4.24

Ce25
CoeT4
2.12
C.19
Cs15
T.l6
C.24
Caa7
0.1

107
C.22
033

1963 9.0 Je68 .0 Tl D22 1.9 CL.l8 2.11 .7

1968 1.51 2459 1439 Colo .24 (.30 4.7: 2.52 C.0o
MEAN . D060 0032 0.34 (.24 O,PT Gu9a  lubb 1.73  0.7%

C.b65
1026
0.35

r,28
.69
C.30
(.62

C.23
1.73

0,49
C.26
.33

8.74
10.18
a.71
435
.32
13.06
Q.51
13.57
T.74
1l1.46
643D
6298
6.068
.63
11.0%6
15.94
3.54

6438
9.23
9.39
6.92
Se76
27 .20
hoTh
12.61
7,00
11.31
5,72
£.73
757
1l1.43
6.74
14,8?

9,13



0.60
3.9

5.0

1.925
0?

0.54
0.81
0434
1.16
0.17
0.0

0.36
0.10
1.07
0.39

0.70
2.C7
0.0

0.18
0.93
0.47
0.0

0.33
0.38
C.1l1
0.10
0.9C
C.4l

LAT,

Ce04
0.09
0.0

0.98
2.7¢
0.17
0.13
N.45
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33,00 LUNG.105.00

c.1t 5.23
3.24 3.3C
g.n Ca25
0.82 208
N.26 D15
N.78 N.95
L.39 C.61
2.25 c.o
3.22 N.0
C.66 2.0
2.42 C.0
0.9 .51
L.24 1.44

T.38
0.0

Q.20
Na92
N.46

4.32
12.69
13.)%

5.A8%
14.82
13.94

9.2L
11.91
10.42
17.45
12.21

5.56
17.16
16.22
11.80
14,1l
12.10

.8.87
14.91
17.64

8.47
18.37
22.86
10.40
17.2%
12.89
20.67
15.77

8.94
14.03
18.19
11.45
20.80
15.08
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6.05
0.27
0.79
0.89
2.11
0.67
1.14
0.76
0.02
0.49
0.22
1.18

0.52

0.0

0.0

1.70
0.22
0,06
0.0

0.23
0.08
0.10
0.57
0.23

- e i e e o i o Tk 1 4 e AP i B ik e e e A o T R A Bk A o A B P e P Tl Mo T A N T o 8 o i S P A T 4 M S b s s et

ON: {?ﬁggfﬁ Egumrv LAT. 33,54 LONG.105.00
10N:5400.FEET

JAN  FEB  MAR  APR  MAY JUN  JUL
0.15 0.33 0.37 0.39 0.87 0.30 2.65
0.16 0.0 0.02 0.41 1.70 0.1l 1.32
0.13 0,01 0.09 0.54 0.38 0.49 2.42
0.03 0.48 0.05 0.45 0.40 1.56 1,28
0.0 1,06 0.90 0.50 1.28 0.28 1.06
0.70 0.89 3.63 1.00 0.31 2.62 1.67
0.0 0.15 0.0 0.98 1.28 2.18 1.96
0.45 0426 0.10 0.0 0.95 2.75 7.09
0.45 0.10 1.49 0.36 D0.11 1.00 1.31
0.0 0.15 0.12 0,21 0.0 "1.57 4.34
0.0 0.17 0.0 0.25 0.0 0.11 0.0
0.01 0.0 0.0 0.13 0.18 0.76 0.0
0.0 0,20 0.0 0.0 1.83 2.04 1,93
0.21 0.06 0.0 0.30 0.44 O0.14 0.56
0.0 0.22 O0.l4 0.02 0.09 0.69 1.57
1230 1.25 0.84 0,05 0.55 0.35 4.42
0.22 0.33 0.48 0.35 0.65 1.06 2.10
ON: DEVBACA COUNTY LAT. 34.05 LONG.104.32
TON:4050.FEET

JAN  FEB  MAR  APR  MAY  JUN  JUL
0.18 0.42 0,05 0Oe4l 1.62 0.58 2.78
0.07 0.0 0.01 0.49 2.29 1.20 0.05
0.15 0.01 0.07 0.92 0.l6 0.10 0.8l
0.11 0.35 0.0 0.26 0.69 0.44 0.73
0.0 0.53 1,03 0.58 2.94 0.04 0.76
1.00 0.31 3.05 0.86 0.75 0.42 2.88
0.0 0.07 0.0 0.70 0.94 3.66 4.04
0.84 0.35 0.22 0.0 0.60 2.70 12.96
0.0 0.03 0.50 0.63 1.04 0.44 1.65
0.43 0,29 0.17 0.31 0.04 1.93 1.97
0.0 0.0 0.0 0.31 0.30 0.71 0.19
0.0 0.35 0.13 0.0 0.0 0.0 1.4l
0.0 0,20 0.0 0.0 1.83 2.04 1.93

T.73
11.67
5.28
3.53
8.91
18.76
13.14
24.58
T.10
7.86
5.84
4.92
T.66
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WSS o, TIEAEHS
ELEVATION:4965.FEE
h;ﬁq _Jzﬂ-_ FEB MAR
1953 0.26 0.0 0.45
1954 0.24 0,0 0.0
1955 0.21 0.0 0.12
1956 0.0 1.60 0.0
1957 0.0 0.86 0.32
1958 0.63 1.00 2.44
1959 0.0 0.0 0.0
1960 0.24 0.14 0.17
1961 0.29 0.10 1.29
1962 0.30 0.53 0.08
1963 0.32 0.21 0.0
1964 0.31 0.47 0.28
1965 0.0 0.91 0.19
1966 0.45 0.01 0.0
1967 0.03 0.33 0.06
1968 1.38 1.01 1.09
MEAN 0.29 0.45 0.4l
NAME: SOCORRO
IR
YR ~£5§ FEE_ MAR
1953 0.0 0.91 0.83
1954 0.16 0.0 0.46
1955 0.49 0.0 G.0
1956 0.18 0.35 0.0
1957 0.21 0.60 0.80
1958 0455 0.05 1.89
1959 0.02 0.06 0.34
1966 0.11 0.36 0.19
1961 0.22 0.19 0.27
1962 0.73 0.04 0.36
1963 0.08 0.55 0.15
1964 0.03 0.58 0.04
1965 0.19 0.07 0.09
1966 0,69 0.10 O0.l0
1967 0.0 0.25 0.08
1968 0.40 0.48 0.91
MEAN 0.25 0.29 0.41

0.33
0.69
0.48
0.0

0.13
0.41
0.05
0.09
0.83
2.62
0.0

0.13
0.39

LAT.

34.04 LONG.

0.32
1.3¢C
2.16
0.28
0.55
0.0t
0.28
0.44
0.02
0.56
0.23
0.48

0.40

0.35

9.31
7.30
6.40
3.03
11.09
11.50
7.64
10.39
B.36
5.66
5.95
6.40
7.07
5.99
9424
11,51
7.93
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Appendix E,

Short-record observations of tritium in deep wells.
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Appendix F.
Short-record observations of tritium

in springs and shallow wells.
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Appendix G.

Long-record observations of tritium in deep wells,
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G.1 Elk #1

Well field: 10-25-22-324

Liocation: ' NE of Roswell, Chaves Co., New Mexico

Owner: State Engineer Office

Date drilled: 1961

Elevation: 3650 feet

Water bearing formation: San Andres limestone

Total depth: 650 feet

Production interval: 621 to 650 feet (open hole)

Yield: flowing 1000 gpm (estimated) during winter (reported with
samples 1058, 1072)

Use: oObservation well

Remarks: (a) This well was drilled for oil test and plugged back to 650

feet, it became an observation well in 1962.

(b) Although the well is not used regularly the silcock is rusty
and leaks over 10 gallons per hour. The well casing con-
tained about 1000 gallons so that water is replaced every
4 days and a monthly sample represents the formation
water.

(c) Water is slightly salty, 2600 ppm chloride.
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G.2 H. L. Woods (1)

Well field: 11-22-9-321 (SW 1/4)

Location: West of Roswell, Chaves Co., New Mexico
Owner: H. L. Woods

Date drilled: ----

Elevation: 3954 feet

Water bearing formation: San Andres limestone
Total depth: 435 feet

Production interval: unknown

Yield: 5 to 10 gpm, windmill

Use: stock, domestic and swimming pool

Remarks: Water was pumped into a closed storage tank with a capacity

of 1000 gallons. Daily use between 1500 to 2500 gallons.

mixed and composite sample. Located 1000 feet north of the

Hondo creek. Sampled as Woods well until the end of 1964

when Woods (2) was drilled.
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G.2 continued H. L. Woods (2)

Well field: 11-22-9-321 (NW 1/4)

Location: West of Roswell, Chaves Co., New Mexico

Owner: Mr. Wright

Date drilled: October 1964

Elevation: 3954 feet

Water bearing formation: San Andres limestone

Total depth: 578 feet

Production interval: 511 to 578 feet (perforated), pump at 555 feet below

the surface.

Yield: depending on the season, from 1500 to 3500 gallons per day

Use: stock, domestic, and swimming pool

Remarks: The well is located 100 feet east from the abandoned Woods (1).
Water level at completion was 420 feet below the surface
which may explain the drilling of a new well (Woods (1) total
depth = 435 feet). Pumped into a 3400 gallons closed pressure

tank.
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G.3 B. T. Allison

Well field: 11-24-25-341 (RA - 1015/1012)

Location: SW of Roswell, Chaves Co., New Mexico

Owner: Mrs. B. T. Allison

Date drilled: February 1952

Elevation: 3575 feet

Water bearing formation: Grayburg-Queen (depth to top of Grayburg -
454 feet)

Total depth: 678 feet

Production interval: 461 to 678 feet

Yield: 1200 to 2000 gpm pump estimated (reported with samples 542, 701

737, 745, 762, 778, 801)
Use: irrigation
Remarks: This well is not flowing at any time so that sample collection

can be done only during irrigation.
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G.4 W. T. Clardy (Oasis well)

Well field: 11-25-15-343 (RA - 1102)

lL.ocation: SW of Roswell, Chaves Co., New Mexico

Owner: W. T. Clardy

Date drilled: February 1931

Elevation: 3475 feet

Water bearing formation: San Andres limestone (depth to top of 1s 565')

Total depth: 843 feet

Production interval: 643 to 843 feet

Yield: 2000 to 3000 gpm flow estimated (reported with samples 464, 617,
648, 704, 743, 930, 932)

Use: irrigation

Remarks: casing (12.5'") to 643 feet, open hole below that. Pump installed

31 May 1963. Considered as the best flowing well in the basin.
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G.5 J. Patterson

Well field: 12-23-6-214 (RA - 2888)

Location: SW of Roswell, Chaves Co., New Mexico

Owner: J. Patterson

Date drilled: ----

Elevation: 3835 feet

Water bearing formation: Grayburg + San Andres limestone
Total depth: 665 feet

Production interval: 275 to 665 feet (open hole)

Yield: Pump 900 gpm (reported with samples 460, 476)
Use: irrigation well

Remarks: See Patterson Bros.
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G. 5 continued Patterson Bros.

Well field: 12-23-6-441 (RA - 1777)

Location: SW of Roswell, Chaves Co., New Mexico

Owner: J. Patterson (drilled by Patterson Bros.)

Date drilled: 1961

Elevation: 3822 feet

Water bearing formation: San Andres limestone

Total depth: 640 feet

Production interval: 315 to 640 feet

Yield: ----

Use: irrigation

Remarks: The distance between J. Patterson well and Patterson Bros.
well is about 2000 feet., They were sampled depending on

which well was pumped at the time.
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G.6 M. Wiggins

Well field: 13-26-3-114 (RA - 555)
Location: East of Dexter, Chaves Co., New Mexico (east of the Pecos
River).
Owner: Max Wiggins
Date drilled: June 1952
Elevation: 3419 feet
Water bearing formation: San Andres limestone (depth to top of 1s 739')
Total depth: 1135 feet
Production interval: 601 - 1135 feet
Yield: 1000 to 1500 gpm pumped (reported with samples 461, 720, 721)
1000 gpm flow (reported with sample 692)
Use: irrigation
Remarks: (a) Static water level in winter 60' above land surface
(b) Since 1966 strong sulphur smell and turbid appearance
were reported.
(c) Casing corroded.

(d) Well was abandoned in 1968.
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G.7 H. B. Pollard

Well field: 15-26-13-121 (RA - 165)

L.ocation: NE of Lake Arthur, Chaves Co., New Mexico

Owner: H. B. Pollard

Date drilled: August 1955

Elevation: 3362 feet

Water bearing formation: San Andres limestone (depth to top of 1s 11737)

Total depth: 1381 feet

Production interval: 1100 to 1381 feet (open hole)

Yield: 2000 gpm flow estimated during the winter (reported with samples
717, 798, 973). 1200 to 1500 gpm pumped during irrigation season
(reported with samples 491, 631, 695, 699, 711, 1121).

Use: irrigation, domestic, and livestock

Remarks: 1500 gallon closed storage tank which is filled and then used

to cool the pump. Sampled when well was not pumped or

flowing.,
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Appendix H.

Tritium concentrations in New Mexico precipitation.
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Appendix 1.
Tritium concentrations in atmospheric

moisture (condensed water),
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