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ABSTRACT

The Tucson basin in southern Arizona covers an area greater than

600 square miles, and has an average fill of over 1,000 feet. Average

rainfall is about 11 inches, with a little more than half occurring as

convective storms in the summer and the rest are frontal storms in the

winter. Summer storms usually originate in the Gulf of Mexico, and

winter storms in the Pacific. All streams in the area are intermittent.

This research attempts to see if it is feasible to determine recharge

source areas and flow patterns' importance by studying the distribution

of deuterium and oxygen-18 in precipitation and groundwater in the basin.

Oxygen-18 values clustered around -5 per mil w.r.t. MAOW in the summer

and -10 per mil in the winter. Deuterium content was -40 per mil w.r.t.

amow in the summer and -75 per mil in the winter. This differentiation

between summer and winter precipitation can provide information on the

importance of seasonal rainfall to ground water recharge.

viii



CHAPTER 1

INTRODUCTION

Methodology 

This project incorporates the techniques of geochemistry to

solve a problem in hydrology, thus reflecting the recent trend toward

interdiscipline research and the understanding of fundamental natural

processes. The approach utilized in this paper is the use of stable

isotopes to act as indicators of the feasibility of a current hypothesis.

Statement of the Problem

The basin surrounding Tucson, Arizona, has a large amount of

water in storage, accumulated over the centuries, with relatively small

annual recharge . Since 1940, an increase in the withdrawal of this

groundwater for municipal, industrial, and agricultural purposes is de-

pleting this groundwater storage at an increasing rate. In order to

achieve a maximum benefit from this limited supply of water, and, hope-

fully a steady-state, a management program needs to be put into effect.

In order for this project to become a reality, a more thorough knowledge

of the interrelationships, magnitudes, and natural behavior of the vari-

ous components of a groundwater system has to be accomplished.

The most important component of the water cycle in this semi-

arid region to impede the progress of the mining of the water supply is

1
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groundwater recharge . One way to trace the paths of recharge is to

analyze it isotopically using oxygen-18 and deuterium.

In the Tucson Basin, the weather is dominated by winter precipi-

tation which originates mostly from the Pacific Ocean, and summer pre-

cipitation which originates mostly from the Gulf of Mexico and sub-

tropical Atlantic Ocean. Therefore, it was hypothesized (Simpson,

Thorud and Friedman 1970) that the isotopic composition of the precipita-

tion in the two rainy seasons should be significantly different.

The problem is to find out if oxygen-18 and deuterium can be used

to determine isotopic differences between the summer and winter precip-

itation.

Purpose and Significance 

The purpose of this research is to develop a means by which the

source areas of groundwater recharge in the Tucson Basin, Arizona, can

be determined.

The significance of this is that once these source areas have

been defined, isotopic analysis of the water now in storage can help

determine whether winter or summer precipitation is more important

toward recharge, and thus help in the construction of a water management

program.

The Tucson Basin

Location

The Tucson Basin is a broad alluvial valley in southeastern

Arizona (Figure 1). The city of Tucson is centrally located in this
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40-mile long and 4 to 20-mile wide, northwest trending basin bordered by

narrow rugged mountains. The Santa Rita, Empire, Rincon, Tanque Verde,

Santa Catalina, and Tortolita Mountains bound Tucson on the east and

north; and on the west by the Sierrita, Black, and Tucson Mountains.

The mountains to the east and north are generally 6,000 to 8,000 feet

high with peaks as high as 9,400 feet; the mountains to the west are

3,000 to 6,000 feet high.

Climate

The climate of southern Arizona is mainly semi-arid with rain-

fall increasing from west to east and with elevation. Green and Sellers

(1964) computed the mean annual precipitation as 11 inches at 2,300 feet,

43 percent during July and August, and 35 percent in November through

February. Mount Lemmon (9,200 feet) located approximately 20 miles

north of Tucson has greater than 30 inches of rain. Burkham (1970)

stated that the average annual class A pan evaporation in Tucson approxi-

mates 90 inches.

Vegetation 

The basin is covered with sparse desert vegetation with mesquite

and cactus most common. The lower slopes of the mountains have sparse

desert vegetation and chapperal, but above 6,000 feet there is a dense

forest of coniferous trees mainly pines.

Geology 

The mountains bordering the basin are composed of crystalline

granitic rocks, and relatively impervious sedimentary and volcanic rocks.
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Hydrology 

The basin is underlain by unconsolidated and semiconsolidated

alluvial material to depths of several thousand feet. The major channels

are entrenched in stream alluvium of unconsolidated clay, silt, sand,

and gravel. This stream alluvium is from 20 to greater than 100 feet

thick.

The main drainage is the north to northwest trending Santa Cruz

River with its principal tributaries--Rillito Creek and Canada del Oro.

Pantano Wash, a tributary of Rincon Creek and Tanque Verde Creek, drains

the southwestern part of the area and is a tributary to Rillito Creek.

Stream channels are normally dry and flow occurs only when there is pre-

cipitation. This flow is due to thunderstorms in July through October,

and frontal storms in November through June . The streamflow rates vary

greatly during thunderstorms and usually last one to two hours. However,

streamflow due to frontal systems may last several days. Burkham (1970)

states that about 85 percent of the outflow from the basin occurs during

the period July to October and roughly the same percentage for the in-

flow.

Davidson (1973) estimated that the average annual recharge was

about 100,000 acre-feet, with approximately 50 percent due to infiltra-

tion through ephemeral stream channels during  the rainy seasons. A se-

cond source of water is due to seepage along subsurface fracture planes

along the mountain fronts . A minor amount of water enters the basin

from the many small streams that drain the highlands.
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A joint study by the United States Geological Survey, the City

of Tucson Department of Water and Sewers, the U. S. Bureau of Reclama-

tion, and The University of Arizona (Davidson 1973) summarized water

usage in the area. In 1970, the water pumped was about 224,000 acre-

feet, or greater than twice the annual recharge. Irrigation amounted

to 84,000 acre-feet, public and recreation supplies for 88,000 acre-feet

and industrial usage, mostly mining, for 52,000 acre-feet of the water

pumped.



CHAPTER 2

THE USE OF STABLE ISOTOPES IN WATER INVESTIGATIONS

Background 

In the past decades, several investigators have looked into the

processes involved in the hydrologic cycle, such as condensation, pre-

cipitation, evaporation, infiltration, and runoff. To become more

familiar in the variations in the isotopic composition of natural waters,

one must determine the changes in precipitations, the melting of the

polar ice, continental runoff, etc., as discussed extensively by

Friedman et al. (1964). Dansgaard (1964, p. 436) summarized the main

results of the fractionation for the most important isotopic components

of water, H2 0
16

, HDO
16

, and H2 0
18 

as:

(1) Sea water is more enriched in heavy isotopes than fresh
waters.

(2) The oceans have a fairly uniform isotopic composition,
except where mixed with fresh water directly.

(3) Oxygen-18 and deuterium concentrations in sea water vary
in parallel,

(4) As the condensation temperature decreases so does the
heavy isotope content in precipitation, which indicates
that
(a) the variance of the composition of the precipitation

from individual atmospheric cooling processes--normally
a Rayleigh process,

(h) heavy isotope concentrations decrease with increasing
latitude and altitude, and

(c) there is a seasonal variation of the precipitation
composition at high latitudes.

(5) Kinetic effects in rapid evaporation can disturb the paral-
lelism between the oxygen-18 and deuterium variations.

(6) The exchange of isotopic molecules between vapor and liquid
may play an important role.

7
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It is not the scope of this paper to go into the mechanisms of these

steps that govern fractionation processes, but to determine whether

these processes will produce a seasonal variation in the oxygen-18

and/or deuterium content of Tucson's precipitation,

Sampling 

Samples for this study came from the Department of Hydrology and

the Laboratory of Isotope Geochemistry at The University of Arizona.

The samples from the Hydrology Department were collected within a mile

radius of the university at a private residence (elevation 2400 feet).

The samples were stored in a glass bottle and sealed as soon as possible

following each rainstorm, in order to minimize evaporation effects,

after being collected with a large funnel and can arrangement. The

samples from the Laboratory of Isotope Geochemistry were also collected

within a mile of the university at a private residence (elevation 2400

feet) with a standard rain gauge, but were sealed mostly in plastic

bottles with a few glass ones. The samples collected were from various

rains in the years 1968 to 1971. Streamflow and two well samples from

the year 1973 were also collected, but there is no sample of the precipi-

tation for these events.

Location of Wells 

Well locations in this report are given according to the U. S.

Geological Survey System. From Figure 2, we see that the State of Ari-

zona is divided into quadrants A to D. These quadrants are subdivided

into townships of about 36 square miles, and are located graphically by
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the township number, east and west of the origin by the range number,

and north and south by the township number. The township is further

subdivided into 36 sections, one mile square, that are numbered 1 to 36

beginning with the northeastern most section as number one, and pro-

gressing west to section six, south to section seven, east to section

twelve, south to section thirteen, and west to section eighteen, etc.

Each section is then divided into 160 acre quadrants and lettered with

lower case letters, the same as the state quadrants. These quarter

sections are then quartered twice again, and similarly labelled with the

smallest subdivision being ten acres. Table 1 shows the location of the

wells sampled.

Table 1. Well samples taken in the Tucson Basin.

Name Date Time Location

Wagner

Packard

3/28/73

3/28/73

1445

1345

D-13-12-27 ddd 2700 feet
Tucson Mountains

D-13-15-16 abb 2700 feet
Foothills near Tanque
Verde Wash and Sabino
Canyon
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Oxygen-18 Method

Instrumental Methods 

The CO
2 
was measured for the 0-18/0-16 ratio by means of a V. G.

Micromass Model 602 C Isotope Ratio Mass Spectrometer (V. G. Micromass

Limited, Nat Lane, Winsford, Cheshire, CW7 3BX, England). This instru-

ment is a 6 cm radius, 900 sector magnetic field mass spectrometer using

a permanent magnet. This model contains an automatic McKinney type

changeover valve, a stainless steel sampling system and a digital inte-

gration and readout system to improve precision.

Calibration Methods

A mass spectrometer will sort ions according to their mass:charge

ratio . In the analysis of CO2' 
the CO

2 
ions form molecular masses 44,

45, and 46 . A ratio mass spectrometer obtains the difference in mass

ratios R(45/44) and R(46/(44 + 45)) between a sample and reference gas,

where, according to Craig (1957, pp. 142-144):

13
C
 16

0
 16

0
 + 12 17 16

C 0 0
R
45 

= R(45/44) -
12 C 160

160

12 18 16 + 13 17 16 + 12 17 17
C 0 0	 C 0 0	 C 0 0

R
46 

= R(46/(44+45))
12 16 16 + 13 16 16 + 12 16 17
C 0 0	 C 0 0	 C 0 0

For the analysis of oxygen-18, one measures R46 
and, if one assumes the

distribution to be statistical, the desired ratio is
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If 6
c 

is the specific isotope ratio difference and 6
m 

is the recorded

mass ratio difference, the delta functions are:

1 + 6 = R	 /R
in 	46(x) 46(std)

1 + 6 c = R18	 lb((x) /R__, std) ;

where the subscripts (x) and (std) stand for the sample of carbon di-

oxide analyzed and for the standard gas, respectfully.

Substituting into the equation for 6
m 

and division of the numer-

ator and denominator of R46(x) 
by (

12
C
16

0
16

0) (x)' and the numerator and

denominator of 
R46(std) 

by ( 12 C 160 16
0)(std)' 

the equation becomes:

+ [
13

C
16

0
17

0/
12

C
16

0
16

0]
(x)1 	8 	R18(std) 

1 + (1 + 6 13C) R13(std)
+ (1 + (6

c
/2)) R

17(std)

+ [
13

C
16

0
17

0/
12

C
16

0
16

0] (std)R
18(std) 

1 + R
13( std) 

+ R
17(std)

Introduction of the following equivalences into the equation:

R
13(x) 

= (1 + 6c13C) R
13(std)

. [ 1
 + (8c/2)] Ri7(std)R17()

13
C
16

0
17

0R R -
13 17	 12 16 16C 0 0

and simplifying the terms brings the equation to:



[1 + R13( 
td)

+ R
17(std) I

X
[1 + (1 + 8c13C R

13(std) 
+ (1 + (8

c
/2)) R

17(std)

(1 +8
c
13C)

[(1 +	
R
13(std)

(1 + (8
c
/2)) R

17(std)8 c ) +
1 +	 = 	R 18(std) 

R
13(std) 

R
17(std) 

18(std)

13

This formula is the general expression relating 8
c 

and 8m in

terms of known ratios for the Chicago standard PDB. For the Iceland

Spar standard (Ispar) used in this laboratory, OC-13 = -11,09, 8 c0-18 =

-9.79 per mil w.r.t. PDB (Austin Long 1976). Also, the isotopic ratios

for Ispar are R13 = 111,26 x 10
-5

, R
17 

= 756.2 x 10
-6

, and R18 = 411.8 x

10
-5
, Thus giving the following expression for c

0-18 w.r,t, Iceland

Spar from calculations according to Craig (1957):

8
c 0-18(s) 

per mil = 1,00139 b)m
46 + 0.0096 8

c
C-13.

Similarly, the calculated terms for 8 c C-13 w,r.t. Ispar is:

8c C-13(s) 
per mil = 1.06804 8

m
45 - 0.03402 b

c 
0-18 .

Since the mass spectrometer directly measures b,
m
45 and 8m46, it

is more convenient to have 5 c
0-18 expressed in these terms alone. By

combining the equations for 8c0-18(s) 
and 8cC-13

(s)
, an expression for

the sample carbon dioxide and Iceland Spar carbon dioxide is obtained:

c
0-18

x (vs, Ispar-0O2
) = 1,001 8m46 + 0.0096 8m

45.

Since the analysis for 0-18 in water involves equilibration with

carbon dioxide, a correction factor must be applied for the amount and

isotopic composition of the oxygen in the carbon dioxide. From previous
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papers (Craig 1953, 1957), an equation representing the material balance

in a two component system before and after equilibration becomes:

8' (o + a) - a (80-18)ID 	p	
c	 (tank CO

2

For this expression, a is the fractionation factor R18(CO ) /
2

assumed to be 1.0412 at 25
o
C (O'Neil,Adami and Epstein 1975);R18(H

2
Or

8' is the measured enrichment of the equilibrated CO2 relative to 
the

standard; while 8 is the corrected value. 8
c0-18 (tank CO2

) is the

oxygen-18 analysis for the tank carbon dioxide used for the equilibra-

tion, determined to be +24.73 percent w.r.t. Ispar (Long 1976), and p

is the ratio of gram-atoms of oxygen in the water sample to gram-atoms

of oxygen in the carbon dioxide introduced into the flask. For each

analysis of oxygen-18, p was determined from the amount of CO2 
introduced

into the sample flask, the atmospheric pressure, the temperature, and the

amount of water in the flask.

For the reporting of the 0-18 analysis now, especially if cam-

bined with hydrogen-deuterium ratios, the 6 c0-18 is expressed in parts

per mil w.r.t. SMOW (Standard Mean Ocean Water). The 6 c0-18x (vs. Ispar-

must be converted to 80-18	 By using a values
c	 rCO

2
)	 x (vs. SNOW-H2

O

from Craig (1957) and Nook (1970), a suitable conversion equation can be

produced:

+ 30.75.8 c
0-18x (vs. SMOW-H20) = 

1.03075 8 c0-18x (vs. Ispar-CO2
)

The last conversion involves changing the sample from CO 2 to H2O versus
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The last conversion involves changing the sample from CO
2 

to H
2
0 versus

SHOW. This is accomplished by using the formula:

60-18
x-H

2
0 (vs. SMOW-H

2
0) 

= [((6
c
0-18	 x 10

-3 
+1)/

c	 x (vs. SMOW-H
2
0)

1.0412) - 1] x 10
-3

.

For a more complete derivation of these formulas see Appendix A.

Calculation Methods 

All calculations were done on the HP-65 calculator.

Laboratory Methods 

The method used is similar to that described by Epstein and

Mayeda (1953). Thirty milliliters of the water sample were pipetted

into a round bottomed volumetric flask with a ground glass joint with a

stopcock and ground glass ball joint attached to the top. The flask

was then attached to the vacuum system shown in Figure 3. The water

sample was then frozen with liquid nitrogen and then the system was

evacuated to less than five millimeters of mercury. A heat gun was used

to melt the ice to room temperature to release any gas trapped by the

initial freezing. The process is repeated to remove the non-condensible

gases. Before the ice is remelted, tank carbon dioxide of a knDwn com-

position is then introduced into the flask to about 2 cm less than

atmospheric. The flask is then placed in a 25
o
C water bath for 15 hours.

About a 3 cc aliquot of gas is then drawn off and placed in a sample

holder for the mass spectrometer. A mixture of liquid nitrogen and 95

percent ethanol on a cold trap was used to hold any water from collect-

ing in the sample holder.



L...1

) Sample Flask

r.)

16

Figure 3. Oxygen-18 preparation apparatus.



17

Results of the 0-18 Study

Oxygen-18 analysis data for the water samples are given in Table

2. Figure 4 is a graph of the 6
c0-18 values versus the date of precipi-

tation for the summer rainy season. Figure 5 is a graph of the b c0-18

values versus the date of precipitation for the winter. All 0-18 data

have aprobable error of +0.1 per mil, as determined by averaging of the

standard deviations for duplicate samples.

As can be seen from the figures, there is quite a scatter of

delta values for the two seasonal groupings of precipitation. However,

there is a distinct grouping of points for the two seasons. The mean

and standard deviation were calculated for these groupings by using the

-2
formulas: x = 1/n

i=1
x
1 

and s
x 

=v/(ix
2 
- n x )/(n-1), where xi 

is your

data point, n is the number of data points, X is the mean, and sx is the

standard deviation. For the summer period of July through September,

the mean was -3.69 + 4.72 and for the winter period, October through

April, the mean was -7.01 + 3.65	 A t test for infinite degrees of free-

dom was calculated for the probability of these two groupings overlapping

using the formula t = D/(/a
2
+ a2

2
)
' 
where D is the difference between

1 

the means, and a1 
and a

2 
are the standard deviations. The probability

of these two groups being of the same population is 60 7e .

The 80-18 values for the two groundwater samples analyzed from

wells were -8.29 and -11.91 per mil w.r.t. SNOW. Both of these values

are lighter isotopically than the mean for the winter precipitation but

are in the cluster formed by the streamflow samples. This would seem to

be a partial indication that the winter precipitation plays an important
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Table 2. Oxygen-18 results on precipitation in Tucson.

Date Time Comment c
0-18	 (+ 0.1)

per mil SNOW

02-23-67 Mt, Lemmon 5000' -11.37
08-02-68 Pacific Ocean + 0.18
08-30-68 - 5.20
10-02-68 1630 + 1.85
10-06-68 elev. 5100' Ramsey Canyon -	 9.38
12-26-68 - 6.03

01-21-69 2100 -	 2.20

01-27-69 Colorado River (Pierce -14,91
Ferry)	 1300'

02-07-69 0300-0800 - 6.49

02-07-69 2100 hail before storm -	 2.13

02-19-69 -	 5,77

02-20-69 -	 7.87

02-23-69 snow Molino Camp, Mt. - 8.99
Lemon 4400'

03-22-69 - 6.59

04-10-69 2025 -	 3.63

05-05-69 -13,34

05-05-69 1630 -	 8.11

06-22-69 Little Colorado River -	 6.66

N.	 of Greer, Az.,	 8260'
07-02-69 + 1.98

08-01-69 1900-2200 -	 3.98

08-05-69 + 2.10

08-07-69 1900-2100 -	 0.62

08-08-69 1200 + 0.46

08-13-69 - 5.51

08-14-69 - 3.48

08-14-69 1700-1800 -	 3,69

08-19-69 1600-1700 + 2.15

08-26-69 2000-2400 -	 3.59

08-28-69 - 2.23

09-06-69 1500-1700 + 2.80

09-11-69 + 2.61

09-11-69 + 3.54

09-15-69 0000-0800 -	 9.67

10-21-69 - 0.43

11-09-69 AM - 5.73

11-10-69 AM -	 7.75

11-10-69 1730 - 8.30

11-16-69 1700 -	 8,46

11-29-69 1300-1700 - 4.80

12-28-69 Snow Catalinas 5000' -	 4.77
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Table 2.--continued.

Date Time Comment c
0-18	 (+ 0.1)

per mil SNOW

02-11-70 0705 - 8.10
03-01-70 2100 - 8.49
03-01-70 3/1 to 3/3 -	 6.24
03-02-70 0700 -	 8.82
03-05-70 1700 -	 8.56
03-05-70 1800 -11.81
03-10-70 1800-0400 -10.80
03-11-70 0700 -11.43
03-22-70 1155 Sabino stream 2600' -	 9.40
04-17-70 - 5.61
06-28-70 1730 - 4.16

07-06-70 7/6 to 7/7 -	 1.89

07-07-70 2230 + 0.21

07-19-70 2250 - 4.94

07-19-70 2200-0200 -	 5.81

07-20-70 1900-2100 -	 6.84

07-21-70 1205 - 6.86

08-01-70 - 5.74

08-10-70 - 4,88

08-10-70 2100 - 3.36

08-11-70 - 5.46

08-11-70 1950 - 5.76

08-14-70 2030 -	 3.11

08-18-70 1430 - 3,83

08-23-70 2345 - 4,97

09-03-70
09-03-70 0700-1200 9/4 -13.67

09-04-70 1310 -14.01

09-06-70 0900 - 5.27

09-12-70 Cottonwood Spring 4715' -	 8.87

10-02-70 2310 - 6.30

12-22-70 2230 - 6.05

12-27-70 2015 -11.27

01-02-71 1600 - 2.82

01-03-71 2130 -	 8.18

02-17-71 2115 - 7.83

02-20-71 0300-1400 - 4.60

02-20-71 1545 rain-snow - 2.74

03-15-71 0630 -	 7.96
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Table 2.--Continued.

Date Time Comment C
O-18 (+ 0.1)

per mil SNOW

02-22-73 1515 Santa Cruz River 2300' -11.69
02-22-73 1545 Rillito River 2400' -11.06
03-15-73 1715 Santa Cruz River 2300' - 9.80
03-15-73 1645 Rillito River 2400' -14.22
03-18-73 1100 Santa Cruz River 2300' -	 9.29
03-28-73 1345 Packard Well 2700' -11.80
03-28-73 1445 Wagner Well 2700' - 8.16
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part to the groundwater recharge, but more groundwater samples and

summer streamflow samples need to be taken to bring forth a conclusive

solution.

Discussion 

There is definitely a seasonal variation that shows up in the

values for oxygen-18. Dansgaard (1964) published results of water

analyzed by the International Atomic Energy Agency for the U. S. Weather

Service at Flagstaff, Arizona, as a minimum del value for 0-18 of -16

percent and a maximum of 0.0 percent, Even though Flagstaff is in the

northern part of the state at a much higher altitude, the range of

values is approximately the same as Tucson. The spread of values,spe-

cially toward the heavier side, is probably due to evaporation effects

(Gat and Issar 1974; Craig, Gorden and Horibe 1963; Dansgaard 1954;

Gat and Tzur 1967), either before the precipitation was sealed in the

bottles or during storage. Long (1976) stated that there might be iso-

topic change due to isotopic exchange or diffusion through the plastic

walled bottles, both of which would cause an enrichment of the heavier

isotopes . This isotopic exchange effect can be seen by taking the means

of the 0-18 del values of samples stored in glass or plastic bottles for

the summer and winter precipitation. In the summer, rainfall stored in

plastic had a mean value of -3,22 percent and for glass -4.45 percent.

For the winter rainfall, the plastic storage containers mean was -6.11

percent and for glass -7.98 percent. These values straddle the mean for

the whole summer or winter precipitation with the plastic contained

samples being heavier in both cases. This exchange through the plastic
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and evaporation caused most of the scatter found. The very light sam-

ples in Figure 4 for the month of September are probably due to storms

having a winter pattern arriving early. Some samples showed traces of

soap in the water, if these samples could be definitely said to have

soap in them they were discarded; however, I am sure that some were

missed.

Deuterium Method 

Instrumental Methods

The hydrogen gas was analyzed for the H/D ratio on a mass

spectrometer built by Austin Long with V. G. Micromass source and

analyzer parts. The electronics used were the same ones used for the

0-18 analysis--the Model 602 C Isotope Ratio Mass Spectrometer.

Calibration Methods 

The concentration of deuterium in water was measured relative

to Rua (Standard Mean Ocean Water). SNOW Contains approximately one

atom of deuterium for every 6,500 atoms of hydrogen. The deuterium

content is expressed as a per mil difference between the sample and SNOW,

designated by 6, where:

(D/H)
sample 

- (D/H) SMOW 
6 =	 x 1000.

(D/H) smow

A correction factor must be applied to the mass-3/mass-2 ratio

before it is used in the above equation to compensate for the formation

of the H3
+ ion. This ion is produced in the source from H2

+ 
ions and is

also collected at the mass-3 collector along with the HD
+ 

ion.



25

The correction was made by plotting the H/D ratio versus the

pressure of the gas in the source and extrapolating to zero pressure,

see Figure 6, since H3/H2JH
2. 

As seen from the figure, the change in

the ratio is due entirely to an increase in the H
3
+ 

contribution with a

pressure change. The total H
3
+ 

contribution at 4 x 10-9 A of ion current

is four times the ratio change of a 1 x 10
-9 A ion current change. The H3

+

concentration was minimized by working at a low gas pressure with a high

accelerating voltage (Friedman 1953).

Calculation Methods 

All calculations were done by hand with the help of a HP-65

calculator.

Laboratory Methods 

The method used was similar to Craig (1961a) and Godfrey (1962).

One drop of water was placed in a test tube with a ground glass joint on

top (A), see Figure 7, and frozen with liquid nitrogen. The system was

then evacuated to less than five millimeters of mercury as measured on

the Pirani gauge (8). The water was then melted with a heat gun and re-

frozen in the first cold trap (C) with liquid nitrogen. This trap (C)

was allowed to warm up to room temperature while cold trap (E) was

cooled with liquid nitrogen. The water vapor passed through trap (D),

which contained about 30 grams of granulated uranium metal treated with

concentrated nitric acid and heated to 815
o
C (1500

o
F) by enclosure in an

electric furnace. The water vapor reacted with the hot uranium to form

hydrogen gas, which volume was measured on the manometer. Any unreacted
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Figure 7. Deuterium preparation apparatus.
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water vapor collected in cold trap (E) was returned to cold trap (C) by

opening the appropriate valves and cooling the trap (C) with liquid

nitrogen. This residual water was then repassed through the hot uranium

metal. Ninety-five to 100 percent of the water vapor reacted with the

uranium on the first pass. The hydrogen was stored by adsorbing it on

activated charcoal in a mass spectrometric sample holder chilled with

liquid nitrogen. All samples were done in triplicate.

Sampling Method 

All samples used for the deuterium analysis were collected the

same way as for oxygen-18. The hydrogen samples, however, are a selected

group. This selection was based upon the means found for the summer and

winter precipitation, and the wish to include the greatest concentration

of points along with the groundwater and streamflow samples; see Figures

4 and 5 for defining boundaries.

Results 

Deuterium measurement results are given in Table 3. A pair of

graphs of the 8D per mil versus the date of precipitation for the summer

and winter rainy seasons are shown in Figures 8 and 9 . All deuterium

data have a probable error of +1 per mil, as determined by the standard

deviation for the standard, which was run with each set of samples.

Also included in the above figures are the corrected values from

Simpson et al. (1970), see Table 4. These values were changed to parts

per mil from percent for easier comparison, Simpson (1976) said that

Joe Pearson thought that there may be a systematic error in this data.
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Table 3. HID results of precipitation in Tucson.

Date Time	 Comment
8D (+ 1.0)
per mil &MOW

07-19-70 2230 -57.1
07-19-70 2200-0200 -55.2
07-20-70 1700-1900 -51,9
07-21-70 1205 -55.8
08-01-70 -70.3
08-10-70 -29.5
08-10-70 2100 -37.8
08-13-69 1200 -65.6
08-14-69 1700-1800 -40.9

08-14-70 1900-2000 -18.5
08-18-70 1430 -38.7
08-23-70 2345 -49.2

08-26-69 2000-2400 -27.0

08-30-68 -31,8

09-06-70 0900 -55.2

02-22-73 1515 Santa Cruz River -62.1

02-22-73 1545 Rillito River -82,5

03-02-70 0700 -63.7

03-05-70 1700 -61.9

03-05-70 1800 -95.1

03-11-70 0700 -85.5

03-15-73 1715 Santa Cruz River -84.1

03-15-71 0630 -69.3

03-18-73 1100 Santa Cruz River -80.3

03-22-70 1155 Sabino Stream -81.6

03-28-73 1345 Packard Well -78.0

03-28-73 1445 Wagner Well -56.3
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Table 4. Deuterium content of precipitation in the Tucson Basin.*

Date 8D per mil SMOW
Published Value	 Corrected Value

07-04-68 -111 -104.9
07-18-68 - 29 - 27.4
07-19-68 - 21 -	 19.8
07-22-68 - 28 -	 26.5
07-25-68 - 22 -	 20.8
07-27-68 - 49 - 46.3
07-30-68 - 26 - 24.6
07-31-68 - 34 - 32.1
08-03-68 - 10 -	 9.4
08-04-68 - 37 - 35.0
08-06-68 - 43 - 40.6
08-10-68 - 43 - 40,6
08-19/20-68 - 62 - 58.6
08-30-68 - 37 - 35.0
08-31-68 - 44 -	 41.6
10-02-68 -	 12 -	 11.3
10-03-68 -	 12 -	 11.3
10-13-68 - 74 -	 69.9
10-14-68 - 68 -	 64.2
11-14-68 - 63 -	 59.5
12-20-68 - 77 -	 72.7
12-26-68 - 40 - 37.8
12-27-68 - 31 -	 29.3

01-14-69 - 74 - 69.9
01-15-69 - 68 - 64.2

01-22-69 - 30 - 28.3

01-26-69 - 66 - 62.4

02-07-69 - 33 -	 31.2

02-20-69 - 46 -	 43.5

02-22-69 - 69 - 65.2

03-07-69 - 22 - 20.8

03-11-69 - 34 -	 32.1

03-22-69 - 61 - 57.6

* Take from Simpson, Thorud and Friedman (1970).
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The author checked this by computing the mean of the values derived from

the various worldwide laboratories for the IAEA standards: NBS-1A, NBS-

1, and SLAP. Included in this list of values was a value for Friedman's

laboratory in Denver, Colorado. It was found that for the three stand-

ards, Friedman was from 4.07 to 6.45 percent lighter than the mean.

This author used the average value of 5.52 percent to make Simpson et al.

(1970) values isotopically heavier, as can be seen in Table 4. For the

above IAEA standards, the authors' measured values were within the

standard deviation of the mean values.

As can be seen from the figures, there is a seasonal variation,

with the late summer precipitation being heavier than the winter pre-

cipitation. This is the same configuration as seen in the 0-18 data.

The mean and standard deviation was calculated for both summer and

winter for Simpson et al. (1970) data as -32.99 + 22.93 and -50.54

+ 17.99, respectfully. In this study, the mean values were -45.63

+ 22.93 and -77.64 + 11.47 for the summer and winter, respectfully. The

mean values for the combined data were -39.83 + 19.49 for the summer,

and -62.23 + 17.93 for the winter. The t test for Simpson et al. (1970)

showed a 55 percent chance of overlap between summer and winter, simi-

lar to that found for 0-18. The t test for this study is meaningless

since the points were pre-selected.

Discussion

The results in this study agree with that of Simpson et al.

(1970) for the seasonal variation. Again, as in 0-18, the groundwater

groups closely with the streamflow. One cannot make any conclusions on
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the effect of storage in plastic or glass containers since all but six

samples were stored in glass.

Oxygen-18 and Deuterium Combined 

Results 

Figure 8 shows a plot of 6 c0-18 versus 6 cD with Craig's (1961a)

meteoric line drawn in . As can be seen, most points fall on or below

the line.

Discussion

Evaporation evidently has affected the sampled water, either

from improper storage or during precipitation or before collection,

as found by Ehhalt et al. (1963), Gat and Tzur (1967), Gat and Dansgaard

(1972), and Gat and Issar (1974). Summer precipitation shows more

effect than winter, as would be expected.

The reasons for the three points falling above Craig's meteoric

line are either improper measurement of the 0-18 del value or a mechanism

that would enrich the deuterium content without enriching the oxygen-18

content. However, such a mechanism seems unlikely because evaporation

under nonequilibrium conditions, such as found in semi-arid regions,

causes a reduction of the meteoric line slope (Ehhalt et al. 1963).

No conclusions can be derived for the streamflow samples or for

the wells since samples were only taken during the winter with no cor-

responding precipitation samples, except that the values fall in the

same grouping as their precipitation.
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Figure 10. 80 versus 6 c0-18. -- Solid symbols = sample stored in

glass. Year of precipitation:	 D= 1967,	 7 = 1968,
= 1969,	 C , = 1970,	 0 = 1971, 	E = 1973.



CHAPTER 3

SUMMARY AND CONCLUSIONS

This work was a preliminary study into the feasibility of using

stable isotopes as an indicator of the precipitation and of groundwater

recharge. It was found that deuterium and oxygen-18 have a distinct

differentiation between the summer and winter sequences of rain with the

summer precipitation being enriched in deuterium and 0-18 due mostly to

evaporation fractionation. This distinctive characteristic of the pre-

cipitation should help make the identification of recharge areas and

recharge paths throughout the basin possible. Because of the fact that

kinetic evaporation affects the 6D six times as much as the 60-18, com-

pared with an eight times effect with equilibrium condensation, I con-

clude that 60-18 measurements are an extremely important parameter to

use with 6D for studying recharge processes in arid basins, such as the

Tucson Basin.
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CHAPTER 4

SUGGESTIONS FOR FURTHER WORK

1, A systematic collection of precipitation with proper storage is

now being done by Long (1976).

2. A collection of streamflow should be made after each rain,

along with a sample of that rain at several points.

3. A sampling of the groundwater should be taken at several depths

to penetrate several different aquifers.
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APPENDIX A

DERIVATIONS OF FORMULAS USED TO DETERMINE 6
c
0-18

Conversion of 6m46, 6m45 vs. Iceland Spar to 6
c

C-13
'

b
c
0-18 vs. Iceland Spar

6
c
0-18 =

b
c
C-13 =

1.001393
m
46 + 0.009 6

c
C-13

1.0676 6 m45 = 0.0338 8
c

0-18

6 0-18 = 1.001393 6m
46 + 0.009 (1.0676 6

m
45 - 0.0338

c
0-18)

= 1,001393 (5
m
46 + 0.009	 (1.0676) 8

m
45 - 0.009	 (0.0338) 8

c
0-18

6
c
0-18 + 0.009	 (0.0338)	 6

c
0-18 = 1.001393 6

m
45 + 0.009 (1.0676)

m
45

6
c
0-18 (1 + (0.009 x 0.0338))	 =

8
c
0-18 = [1.001393/(1 + (0.009 x 0.0338))] 6m

46 +

[(0.009 x 1.0676)/(1 + (0,009 x 0.0338)) 3 	545

6
c
0-18 = 1.00108847 6m

46 + 0.009605478 6
m

45

Calculate 60-18
x (vs. SMOW-H2

0) 
from

c
0-18c	 x (vs. Ispar-CO2 )

Ispar-0O 2 = I-S-0O 2

6x (vs. Ispar-002
) = [(R - R

x	 I-S- CO 2
)/R

I-S-00
2
] x 103

bx (vs. SNOW-H
2 

O) = [(R - R
x	 SMOW-H2

0
R

SMOW-H
2

0
] x 103

= R	 /1.03075 (Long 1976)R
SMOW-H

2
0	 I-S-CO

2

sx (vs. SMOW-H
2
0) 

= [(Rx - (RI-S-00 2
/1.03075))/(RI-S-CO2

/1.03075)] x 103

= 1.03075 (103R
x

/R
I-S-CO2

) - 103
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6
(vs. I-S-CO ) x Ri_s-CO = 10 3 R

x 
- 103Rx	 I-S-CO2	 2	 2

= 10 3
 Rx/(8	 dR

I-S-CO	 x (vs. I-S-CO2
4. i	 \

) ' "'"u )2 

6
3	 3

+ 10= 1.03075 [10 R /10 3R )/(6	 3 )] - 10 3x (vs. SMOW-H
2
 0)	 x	 x	 x (vs. I-S-0 O

2 )

3= 1.03075 (6	 + 10 ) - 10 3
x( vs. I-S-0O

2 )

+ 103 
(1.03075 - 1)= 1.03075 6

x (vs. I-S-0O
2

)

= 1.03075
x (vs. I-S-0O

2
) + 30.75

Calculated 60-18
x-H

2
0 (vs. SMOW-H

2
0) 

from 6
c 0-18c	 x (vs. SNOW-H20)

/RH 0 = 1.0412
RCO

2 2

OW = 2 x 10 -3
SM

60-18
x 	=c	

[(R
18

(vs. SMOW-H
2

0)	 xCO
2 

- R
SMOW

)/R
SMOW

] x 103

18
= [(1.0412 RH

2
0 

- R
SMOW

)/RSMOW ] x 103

= [1.0412 x 10 3R 18 - 103R	 ]/R
H

2
0	 SMOW SMOW

18

2
0 

= [8 s
MOW-H

2
0 RSMOW

+ 10 3Rsmow ]/1.0412 x 10
3

R
H!
8 

188
x-H

2
0 (vs. SMOW) 

=[(R
H

2
0 

- R
SMOW

)/R
SMOW

] x 103

8	 3 ,3
R 	 x 10 )J= Eno 1

xsmow 
R

SMOW 
+ 10 

SMOW
)/(10412

- Rsmow l/Rsmow ] x 10
3

rr 18
= LL(6 xsmow + 10

3 )/(1.0412 x 10
3 )] - 1] 10

3

= [[(10
-36

18 
OW

 + 1)11,0412] - 1] x 10
3

SM



APPENDIX B

SAMPLE CALCULATION

Sample: Rain 8-26-69 20-2400

Flask 2 Volume: 133.21 ml

T = 66 °F = 18.89 °C = 292.04°K
p
w 

= 0.998539

P	 = 35.9 cm Hg	 Atmospheric = 69.75 mm Hg
CO2

R = Reference = Iceland Spar CO2

45/44 Ratio .590

Avg R	 S-R

S = CO2 equilibrated with watersample at 25 °C
46/44 Ratio .416

R	 S	 Avg R	 S-R

4010 3260
7842 3984	 3858 5976 3274 2702

3958 3284
7804 3946	 3858 6053 3329 2724

3934 3374
7818 3959	 3859 6087 3382 2705

3984 3390
7842 3581	 3861 6112 3391 2721

3979 3392
7805 3959	 3846 6118 3398 2720

3940 Avg 3856.4 3404
6115 3387 2728

3371
6123 3371 2752

3372
6126 3368 2758

3364
6121 3376 2745

3388
6131 3392 2739

3397 Avg 2729.4
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R
45 

= 0.590 + 0.0039 =

46
R	 = 0.416 + 0.0033 =

0.5939

0.4193

o 
m
45 = 3.8564 -:- 0.5939 = 6,4933

8
m
46 = 2729.4	 0.4193 = 6.5094

c
0-18

x(vs.	 Ispar-0O2 )
= 1.001 (6.5094) + 0,0096 (6.4933)

= 6.5159 + 0.0623

= 6.5782

V
02 

= [35.9 (76)1 1 (69.75) 2 = 0.5608C

n	 = [0.5608 (0.10321)/(0.08205 (292))] = 0.0024CO
2

nH 0 
= [30 (0.99843)/18.01534] = 1.6626

2

p = 1.6626	 2(0.0024) = 346.3819

c	
= 6.5782 [1 + (1.0473/346.3819)]

- 24.72 (1.0473/346.3819)

= 6,5981 - 0.07429 = 6.5239

= 1.03075 (6.5239) + 30.758
c
0 - 18x(vs, SMOW -H 0)

2 	= 6,7245 + 30.75 = 37.4745

8
c
0 - 18x-H2

O(vs.	 OW -H20)
= [(((37.4745 x 10

- 3
) + 1)/1.0412) - 1] 10

3

SM 

= [(1.037475/1.0412) - 1] 10 3

= (0.99642 - 1) 10 3

= -3.5781
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