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ABSTRACT

A reconnaissance study of 222Rn concentrations in the ground water of the

North-Central Tucson basin revealed a range of concentrations from 80 to 1400

pCi/L in wells, and 60 to 1260 pCi/L in domestic waters. Estimated degradation

of Rn in water from wells to homes ranges from 8 to 50%.

The interior well field of mid-Tucson, may represent background concentra-

tions of Rn with a mean value of 250 pCi/L. The limited data define an anomalous

trend (500 to 1400 pCVL) of 222Rn paralleling the Santa Cruz River area. 222Rn

concentrations above 500 pCVL correlate positively with temperature, and no low

temperature water contains high 222Rn levels. Weak inverse correlations of 'Rn

with pumping bowl depth, pumping water level and average upper perforation

intervals are evident. It is concluded that the source of 222Rn is close to the well

bore. Considered are several possible hypothesis and mechanisms responsible for

the anomalous Santa Cruz 222Rn trend, including mechanisms related to water

circulation along the Santa Cruz fault, lithology, and aquifer compaction.
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CHAPTER 1

INTRODUCTION

Radon

"Rn is a chemically inert, radioactive gas, that decays by alpha emission

with a half-life of 3.82 days. "Rn originates from the disintegration of 'Ra and

both elements are part of the 238U decay series. Radon is ubiquitous in soil and

rock in varying concentrations depending on the 'Ra concentration and several

factors. Radon is soluble in water, and therefore, is present and able to travel in

ground water.

General Studies And Applications

Radon in ground water has been studied to evaluate health hazards of radon

in potable water (Hess and others, 1978); as a precursor to earthquakes (Smith and

others, 1980); as an indicator of effluent stream reaches (Roger, 1955 and Lee and

Holladay, 1987); as a tool for uranium, geothermal, and oil and gas exploration

(Cadigan and Felmlee, 1977; Whitehead, 1980; Kruger and others, 1977); to

estimate aquifer porosity (Semprini, 1987); and in research on hydrogeochemical

(dis)equilibrium (Asikainen, 1981 and King and others, 1982).

From a health perspective, radon in public water supplies has recently

become a topic of concern. Radon in public water supplies, can be a significant
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source contributing to the overall concentration of radon in air within a building.

To date, the United States Environmental Protection Agency (USEPA) has not estab-

lished a health standard for radon in public water supplies but is considering levels

between 160 and 2000 pCi/L (McMillan, 1988). The average radon concentration in

public water supplies of the United States generates a lifetime risk of 1 death in

10,000 people, the highest level of risk allowed for any contaminant under the Safe

Drinking Water Act (Cothern, 1987). Lowry (1988), stated that the USEPA may

decide on a Maximum Contamination Level (MCL) of as low as 160 pCi/L within

the next year. A radon level of about 160 pCi/L has the same estimated risk level

as the MCL for radium (5 pCifL) in drinking water. This risk level is based on a

lifetime (70 years) excess cancer risk rate of 10. If the USEPA sets a standard at

160 pCi/L, more than 50% of the ground water supplies in the United States will be

out of compliance (Lowry, 1988).

Radon And Hydrogeology

The relationship between radon concentrations of ground water and hydrogeo-

logy has been well documented in suspect crystalline terrain such as the New

England region (Hall, 1987). In Maine, concentrations of "Rn in ground water are

as high as 300,000 pCi/L in granitic rocks (Brutsaert and others, 1982). Con-

solidated sedimentary aquifers have concentrations as high as 1000 and 3300 pCi/L

in sandstones as reported by Gilkeson and Cowart (1987), and Cech and others

(1987), respectively. Szabo and Zapecza (1987), found "Rn concentrations as high
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as 15,900 pCi/L in ground water in black mudstones in the Newark Basin, New

Jersey. The average 222Rn concentrations in all ground water systems is estimated to

be in the range of 200 to 600 pCifL (Cothem, 1987). Research into hydrogeologi-

cal correlations of 2.22Rn concentrations in unconsolidated aquifers has been less

intense. This is probably because these waters are considered to contain relatively

small amounts of mRn, and projects designed to investigate health hazards are less

numerous.

A recent study by Semprini (1987), however, focused on the relationships

between radon emanation and hydrogeology in a shallow alluvial aquifer in

California. Semprini reported levels in alluvial aquifers that range from 100 to

1100 pCi/L, (with his study finding an average concentration of about 250 pCi/kg).

He concluded that the radon emanation from the aquifer solids is the main source of

radon concentration in the ground water, and that the emanation coefficient in-

creased with a decrease in particle size of the aquifer material. In addition,

Semprini used radon concentrations to estimate aquifer porosities, the results of

which fell within the expected range, and his data suggested that higher radon

concentrations in the aquifer result from spatial heterogeneities in the solid matrix of

the aquifer.

Tanner (1964a), in a thorough and often referenced paper, investigated both

222Rn and "Ra within ground water of an unconsolidated artesian aquifer in the

Great Salt Lake area. He examined relationships between 222Rn and chemical

parameters, and well discharge, and considered sources of and physical controls on
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"Rn distribution. The investigations of distant sources influencing "Rn well

concentrations due to varying aquifer permeability, ground-water velocity, flow from

fault zones, and bedrock, led Tanner to conclude that the source of "Rn is in the

vicinity of each well. The physical controls of "Rn emanation and concentration

and how they are affected by faulted sediments and porosity, was more difficult to

assess. In general, Tanner felt that the "Rn distribution in the ground water must

be determined by the distribution of "Ra in the sediments.

Research that has concentrated on the relationship between ground-water

radon anomalies and faults or other geologic structures include Wei and Yi-Yao

(1984); Smith and others (1980); Lorenz and others, (1961); and King (1978).

Locally, Harvey (1981), studied radon anomalies in soil gas and in ground water in

the vicinity of subsidence faults in the Picacho Basin, Arizona.

Scope of Study

Prior to this study, there had been no in depth research of radon in the

ground water of the Tucson Basin. The main objectives of this study were to: 1)

determine the distribution of 222Rn in city and private well waters of the north-

central Tucson Basin and 2) attempt to identify the hydrogeologic controls for 22.2Rn

occurrence in ground water.

In addition, domestic waters in the city of Tucson were sampled for "Rn.

The purpose of this part of the study was to see if significant differences exist in

radon concentrations between the well heads and home taps.



CHAPTER 2

PHYSIOGRAPHY AND CLIMATE

Physiography

The Tucson basin is a broad, northwest trending valley bounded by mountain

ranges on the eastern and western sides, in southeastern Arizona (Fig. 1). The basin

is estimated to be 2590 km' (1,000 mi.') in area, 93 km (50 mi.) long, and 28 to 37

km (15 to 20 mi.) wide.

The area of study is the north-central Tucson basin, which is defined in this

report as the area encompassing the city of Tucson and extending northward to the

town of Rillito and southward to Sahuarita (Plate 1). The region will be referred to

as the Tucson area, and is about 1,114 km' (430 mi2) in area. The Tucson area is

bound to the northeast, east, southeast, southwest, and west by the Tortolita and

Santa Catalina, Tanque Verde and Rincon, Santa Rita, Sierrita, Black and Tucson

mountains, respectively. The altitudes of the eastern mountains range from 1890 to

2895 m (6,200 to 9,500 ft), and altitudes of the western mountains range from 914

to 1829 m (3,000 to 6,000 ft).

The principal drainage in the Tucson area is the north-northwest trending

Santa Cruz River (ephemeral). The surface of the Tucson area slopes northwest-

ward from an altitude of about 3,000 feet (914 m) at the southern edge, to an

altitude of about 2,000 feet (608 m) at the northern edge. The Tucson area is flat

15
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to gently rolling terrain covered with typical Sonoran desert vegetation, such as

creosote and Pale Verde. The major source of water in the Tucson area is the

ground water in storage in the aquifer which underlies the basin.

Climate

The climate in southeastern Arizona as well as the Tucson area, is classified

as desert or semi-desert. The mean monthly temperature is 68.6 °F (20.3 °C), with

a mean daily minimum and maximum of 52.8 °F (11.5 °C) and 84.3 °F (29 °C),

respectively. The mean annual precipitation is about 305 mm (12 inches) in the

basin, and about 635 mm (25 inches) or more in the mountains (Davidson, 1973).

About half of this falls during the summer season, from showers or intense thunder-

showers originating from moist air that flows into Arizona from the Gulf of Mexico.

During the winter season, gentle, widespread rains and an occasional light snow fall

in the basin originating from cold Pacific storms (Sellers and Hill, 1974).



CHAPTER 3

HYDROGEOLOGY

Geologic History

Beginning with the decline of the Laramide Orogeny (53 million years ago

(Ma) and lasting up to the late Oligocene (28 to 26 Ma), southwest Arizona was

generally magmatically quiescent (Eberly and Stanley, 1978). During this time,

subareal fanglomerates and lacustrine sediments of the Pantano formation were

deposited on the bedrock surface. This deposition was gradually interrupted by the

first of two major tectonic events that would affect this area - the middle Tertiary

orogeny. The mid-Tertiary orogeny lasted up through and culminated in the early

Miocene. Rocks formed prior to and during this event were faulted, steeply tilted,

and locally folded (Eberly and Stanley, 1978). The orogeny produced significant

quantities of rhyolitic to andesitic tuffs, breccias, and flows which were intercalated

with red sands, gravels, and fanglomerates. Local algal limestone, mudstone, and

associated beds of water-laid tuff were also deposited. These sediments make up

the lower Tinaja beds. Associated with the mid-Tertiary orogeny was the gravity

induced slides off the Catalina-Rincon, Tonilita, and Tanque Verde core complexes

during uplift of gneissic domes or arches (28 to 24 Ma). Anderson (1987a),

suggested that the northeast dipping, volcanic Tucson mountains may have also

originated from detachment faulting at this time, rather than by later thrust or block

18
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faulting. The mid-Tertiary orogeny began to wane 20 to 17 Ma and a distinct

unconformable surface developed (Eberly and Stanley, 1978).

The second major tectonic event - the Basin and Range disturbance, started

at about 13 to 12 Ma. The resulting development of the horst-graben terrain and

new interior drainage facilitate the deposition of local detritus and thick bodies of

evaporites of the middle and upper Tinaja beds. The Basin and Range disturbance

may have renewed uplift of the metamorphic core complexes (Anderson, 1987a).

Following the accumulation of the upper Tinaja beds was a late Pliocene erosional

event, the development of exterior drainage, and the deposition of the Fort Lowell

Formation during Pleistocene time.

Stratigraphy

The composition of the Santa Catalina, Tanque Verde, Rincon, and Tortilita

mountains are mainly mylonitic gneiss and granite as well as a variety of structural-

ly deformed Precambrian to Tertiary age crystalline rocks and sediments. The

Tucson and Sierrita mountains are composed of andesitic to rhyolitic flows, tuff, and

agglomerate and minor amounts of interbedded conglomerate and sandstone. The

Black mountains are composed of basaltic andesite (Anderson, 1987a). The Santa

Rita mountains are composed of Mesozoic and Paleozoic sedimentary rocks

(Davidson, 1973).

The sediments underlying the north-central Tucson basin consist of three
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Cenozoic stratig -raphic units; the Pantano Formation of Oligocene age, the Tinaja

beds of Miocene age, and the Fort Lowell Formation of Pleistocene age. The total

thickness of these units may be as much as 6096 m (20,000 ft) (Anderson, 1987a).

The Pantano Formation unconformably overlies various Precambrian and Tertiary

rocks. The thickness of the formation may be as much as thousands of feet and

consists of reddish mudstone, siltstone, sandstones and gravel, which is moderately

to tightly cemented. Locally, sediments are interbedded with volcanic flows and

tuffs (Anderson, 1987a). These rocks have provided dates indicating Oligocene age

(26 to 38 Ma). The Pantano is equivalent in age to the volcanic rocks which make

up the Tucson mountains. Pantano sediments in the western part of the basin are

primarily composed of volcanic detritus, and even in the vicinity of the Santa

Catalina and Rincon mountains, gneissic detritus is not always present. Generally,

the composition is sedimentary, volcanic, and granitic with an arkosic to clay-rich

matrix (Davidson, 1973).

The Tinaja beds unconformably overlie the Pantano Formation and are

unconformably overlain by the Fort Lowell Formation. The upper beds crop out at

the basin margins. The Tinaja beds are separated into three unconformable units;

the lower, middle, and upper, which are late Oligocene to Miocene, Miocene, and

Miocene to Pliocene in age, respectively. Deposits of the Tinaja beds are 0 to 610

and up to 1524 m (0 to 2000 and up to 5000 ft) thick (Davidson, 1973).

The lower Tinaja beds are composed of silty gravel and conglomerate and

probably contain interbedded volcanic flows and tuffs (Eberly and Stanley, 1978).
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The middle Tinaja beds are mainly confined to the central subsurface of the basin.

These sediments were deposited in a complex graben formed east of the Santa Cruz

fault as result of Basin and Range block faulting. Within the north to northwest

trending graben, gyp siferous and anhydride clay, silt and mudstone were deposited.

The upper Tinaja consists mostly of sand and clayey silt in the central parts of the

basin and gravel and sand adjacent to the mountains (Anderson, 1987a).

The sources of the detritus which make up the Tinaja beds were apparently

the nearby mountain ranges. A graded upward increase in the amount and size of

gneiss fragments is probably due to a rising highland during deposition. The

northern and eastern parts of the basin contain abundant granitic detritus in a

feldspathic to arkosic sand matrix. Well B-10 (sample 101, Plate 1) for example,

contains almost 100% gneissic gravel, and mostly quartz, feldspar, and gneiss in the

sand fraction. Sedimentary and volcanic rock fragments become more common to

the southeast (Davidson, 1973). In the western part of the basin, near the Santa

Cruz fault, wells B-085 and Z-013 (samples 94 and 9) contain abundant (>50%)

volcanic gravel and course material. Davidson (1973), reported that the fine-grain

facies within the central part of the basin contains only 5 to 25 percent material

coarser than silt and commonly contains disseminated gypsum nodules in the upper

beds, and nodules to thin beds of fine to coarse-crystalline anhydrite in the deeper

beds. Anderson (1987a, Plate 2), produced contour maps of percent fines for the

upper Tinaja beds and the Fort Lowell Formation.

The Fort Lowell Formation unconformably overlies the Tinaja beds and is
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unconformably overlain by a thin veneer of younger sediments. The Fort Lowell

Formation forms most of the basin's surface and has been assigned a date of early

to middle Pleistocene on the basis of local stratigraphic correlations. The formation

is between 300 and 400 feet (91-122 m) thick. Sediments typically consist of

pebbly sand, medium to coarse sand, and silty sand with some clayey silt near the

center of deposition. Coarse material consists predominately of Catalina Gneiss with

traces of volcanics indicating locally derived material (Davidson, 1973).

Structure

Anderson (1987a, Plate 1), has made one of the most recent structural

interpretations of the Tucson basin. He made several modifications to Davidson's

(1973) work. The faults, as mapped by Anderson, are shown on Plate 1.

The Santa Cruz fault, which trends north along the west side of the Tucson

basin, is a block fault resulting from the Basin and Range disturbance. From the

area near well SS-24 (sample 46) northwestward, this fault juxtaposes Tertiary

volcanic rocks to the west against the Tinaja beds to the east. The southern Santa

Cruz fault area juxtaposes sediments of the lower Tinaja beds with those of the

middle to upper Tinaja beds. As much as 1830 m (6,000 ft) of differential offset

may have occurred. A secondary and subsequent, oblique and northeast trending

fault system developed coincident with deposition of the upper Tinaja beds, and

uplift of the mountain highlands during late Miocene and Pliocene time (Anderson,

1987a). The north-northwest trending fault bounding the east side of the Tucson
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area is the Pirate fault, a block fault of the Basin and Range disturbance. The so-

named I-10 fault trends northwest, paralleling interstate highway 10, south of

Tucson. Although reactivation of some faults during Quaternary time is postulated

(Anderson, 1987a), the Fort Lowell Formation is not offset.

The most recent structural movement occurred in late Pliocene to middle

Pleistocene when a prominent through-flowing drainage developed due to differential

uplift of the basin with respect to the Santa Cruz River (Davidson, 1973, and

Anderson, 1987a).

Hydrology

The hydrological properties of the geologic formation are illustrated in Table

1. The Tucson basin aquifer consists of the Pantano Formation, the Tinaja beds,

and the Fort Lowell Formation. Unconfmed aquifer conditions prevail but some

local perched water and confmed conditions do exist.

The Pantano Formation yields small to moderate amounts of water to wells.

Relatively few wells have penetrated as deep as the Pantano, but aquifer tests reveal

that the Pantano is under leaky confined conditions where it is overlain by or

consists of fine-gained sediments (Davidson, 1973). Of the Tinaja beds, only the

upper unit acts as a good aquifer. Very few production wells are completed far

into the middle unit. Rogers (1988), has separated the upper Tinaja beds into two

units; an upper unconsolidated unit and a lower consolidated unit. The two units

are separated by the "Rillito surface" - an erosional surface which commonly
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coincides with the unconformity between the Tinaja beds and the Fort Lowell

Formation. The upper unconsolidated unit is the better water producer, yielding

small to large amounts of water to wells. The Fort Lowell Formation is the

thickest highly permeable unit in the basin and supplies most of the water used the

basin (Davidson, 1973). Coarse-grained facies of the upper Tinaja beds and Fort

Lowell Formation may yield more than 5450 m3/day (1,000 gal/min) of water to

properly constructed wells (Anderson, 1987b).

Table 1: Hydrological properties of the sediments of the Tucson basin.

Formation Porosity Transmissivity Well	 Specific

Yield Capacity

(%)	 ,t_e/d)	 (m3/d) (mUna)

(x 1000)

Pantano 20-27 <0.12 0.5-27.0 0.36-0.7

Tinaja 24-35 0.12-1.9 2.7-8.2 0.02-0.7

Fort Lowell 26-34 0.25-12.4 2.7-8.2 0.18-1.8

(after Rogers, 1988; Davidson, 1973)
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CHAPTER 4

CHARACTERISTICS OF RADON-222

Properties Of 222 Rn

"Rn is the heaviest of the noble gases. It evolves from the radioactive

decay of 'Ra within the decay series of 23'8U (F'ig.2). "Rn decays with a 3.82 day

half-life by alpha particle emission. The other more prevalent isotopes of radon,

'Rn (thoron) and 219Rn (actinon), have short half-lives of 55 and 4 seconds,

respectively. Because of their short half-lives, thoron and actinon are usually not

feasible to measure. The radioactive nature, gaseous (mobile) state, and chemical

inertness, of the "Rn isotope allow it to be easily measured.

Radon is more soluble than any other of the rare gases (Cook, 1961). The

solubility of "Rn in water can be expressed in several ways. The water/air

concentration ratio or partition coefficient for "Rn is about 0.23 at 25 °C and 760

mm pressure (UNSCEAR, 1982); or alternatively, at 25 °C, 22.4 cm' of radon will

dissolve in 100 cm' of water (Weast, 1980). The Henry's Law constant for radon

is 3.97 x 10, making it a moderately soluble gas compared to the wealdy soluble

oxygen and highly soluble hydrogen sulphide with Henry's Law constants of 30.4 x

10' and 0.37 x 10', respectively (Prichard, 1987).



Figure 2: The decay sequence of the naturally radioactive uranium series (the type of decay is shown with the
arrows, and the half-life is shown below each radionuclide, after Cothem, 1987)

26
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Emanation Power and Factors Affecting "Rn in Ground Water

The sources of radon in ground water are the uranium/radium-bearing rocks,

minerals and their weathering products which compose the aquifer. The average

uranium concentrations in crustal rocks is 2.7 ppm. The uranium abundance varies

by rock type, with averages of 4.8 ppm in granite, 4.0 ppm in rhyolite, 0.6 ppm in

basalt, 3.2 ppm in shale, and 1 to 2 ppm for sandstone and carbonates (Hall, 1988;

and Damon, 1988). The Catalina and Oracle Granites which make up a good

portion of the mountains to the north and east of the Tucson area, contain 1 to 1.5

and 3 to 4 ppm uranium, respectively (Reynolds and others, 1980). The Turkey

Track Andesite of the Tucson mountains contains an unusually high amount of

uranium at 3.3 ppm (Mielke, 1965 and Damon, 1988). Sediments underlying the

Tucson area and derived from the Santa Catalina, Tanque Verde and Rincon

mountains, are estimated to contain 60% Catalina Granite, 30% Oracle Granite, and

10% other rock types (Reynolds, 1988). Based on this information, it seems

reasonable to assume that about 1 ppm uranium is in the sediments derived from

these mountains. However, it is difficult to say how much of this uranium con-

tributes to "Ra that is able to, in turn, contribute to the "Rn concentration in the

ground water. For an areal distribution of these sediments see Anderson, (1987a,

Plate 3).

"Rn in ground water originates from its parent nuclide, "Ra, either within

the water itself (supported radon), or from immobile radium within or sorbed to the

surrounding mineral grains of the aquifer (nonsupported radon). "Ra commonly
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exists in very small amounts in ground water, less than 1 pCi/L (Longtin, 1988),

therefore, the concentrations of supported radon are usually insignificant. With a

dry specific gravity of 2.0 and an available pore space of 20% by volume, a

material containing 0.7 pCi/L of emanating "Ra/g (the amount which would be in

equilibrium with a 238U concentration of 1 ppm), would produce a radon concentra-

tion of 3500 pCi/L in pore space water (Smith and others, 1980). Although the

concentration of 'Ra in the aquifer material is of major importance, several other

factors related to the mechanisms of radon emanation affect the concentration of

"Rn in ground water.

The processes in which 222Rn enters the ground water are weathering,

diffusion, indirect recoil, and most importantly, direct radioactive recoil. The

combined result of these mechanisms is referred to as the emanating power of the

solid, radium-containing material. Tanner (1964b), defined emanation power as the

fraction of radon atoms formed in a solid which escape from the solid under steady

state conditions.

During the disintegration of a "Ra atom, an alpha particle is emitted in one

direction and the recoiling "Rn atom in the other, with an energy of 85 keV. The

'Rn atom travels distances ranging from 20 to 30 nm in minerals of normal rock

density, about 60 gm in air, or about 0.10 pm in water (Tanner, 1964b).

The direct recoil fraction is the fraction of radon atoms that recoil from rock

into an open pore space. Figure 3 illustrates the possible recoil pathways of a

radon atom. The presence of water in the pore is a vital part of the emanating



Figure 3: Schematic diagram of the emanation process. The solid arcs represent the surfaces of two small
spherical grains, about the size of clay particles. The recoil range, R, about 40 mn, is the distance between the
dashed line and the surface of the upper grain. After the disintegration of radium atom A, the radon atom A' is
stopped before it can reach the grain surface. Radon atom B' escapes from one grain only to be trapped in an
adjacent one. Likewise, radon atom D' traverses an air gap with little loss of energy and is trapped in the
adjacent grain. Atom C' escapes from the first grain and loses any remaining kinetic energy in a water layer of
0.1 urn (after Tanner, 1980).
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power of a medium. If the water-filled pore is larger than the recoil range, a radon

atom recoiling into the pore loses kinetic energy to the water and the recoil path

ends short of the adjacent grain. The width of this saturated pore need only be

about 0.1 gm for recoiling radon atoms to concentrate in the pore water. For

materials of equal emanation rate, those with smaller porosity will have a greater

concentration of radon (Tanner, 1964a). In a dry soil, radon release is reduced by

readsorption onto solid surfaces.

Andrews and Wood (1972), demonstrated that for radon atoms within the

recoiling distance, R, of the mineral surface, 23.5% will escape. They also found

that radon release (in pCi/g) is proportional to 1/d1/2 where d is the particle or grain

diameter in gm, and that the recoil escape percentage was given by 4.91d. A

particle of 100 pm would, therefore, release only 0.049 percent of the radon

generated. These authors concluded that for mineral grains, the direct recoil

mechanism contributes a very small amount to the total emanating power and is less

than one percent in dry compact materials.

Indirect recoil fraction involves an enhanced diffusion rate. When a recoiling

atom impacts a mineral grain or rock particle after passing through a pore, it forms

a crater or pocket. This crater may measure 10 nm x 1-10 nm in size. The recoil

process momentarily vaporizes the rock causing the thermal conductivity of about

104 cm2/s to approach the diffusion coefficient. This condition allows more rapid

diffusion of the recoil atom back through the crater pore. However, because this

process requires diffusion and not recoil into a pore, it has been assumed that the
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size of this fraction is no greater than that of direct recoil (Tanner, 1964b).

The third process contributing to the emanating power is diffusion. Table 2

illustrates diffusion coefficients for radon in several types of medium. As the table

shows, the diffusion coefficient for a solid crystal is very small. Amirkhanoff and

others (1961), inferred that diffusion coefficients are characteristic of the minerals

rather than the diffusing gases, and Nicolaysen (1957), reported values of 10-21 to

10-23 cm2/s for the diffusion of lead in zircon and monazite (Tanner, 1964b).

Considering the short half-life of radon and the extremely slow process of diffusion

of inert gases in solids, the process is unlikely to account for a high percentage

release of radon (Andrews and Wood, 1972). For these same reasons, the contribu-

tion of radon to ground water due to weathering is also insignificant.

Table 2: Diffusion coefficients of radon for different types of media.

Medium:	 Air	 Water	 Soil	 Ionic crystals

Diffusion

Coefficient: 	 104 	10 	 10'
	 1 0-20

fg_m2/s1

(after UNSCEAR, 1982)

Although the three primary mechanisms of emanating power are not seen as
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significant radon donors to the ground water from mineral gains themselves,

research has indicated that the mechanisms do apply to more specific mineral

phases. The bulk of radon release is from radium isotopes distributed in secondary

crusts, films, or cements (Tanner, 1964b), and Rama and Moore (1984), have

proposed that much of the radon in ground water comes from within grains of a

large internal surface area, such as a mineral grain permeated with <1 um body

pores.

The increase in emanation power with decrease in grain size is apparently

related to the increased surface area of the smaller grains, which, in turn, provide

greater area for crusts and films, as well as a thinner matrix through which direct

recoil may occur. Andrews and Wood (1972), and Tanner (1964a), found that the

variation of the iron content (from cementing material) with particle size shows a

similar trend to radon release. This is because of the strong adsorption of radium

to iron and manganese hydroxides (Szabo and Zapecza, 1987). In addition, Megumi

and Mamuro (1977), found that the distribution of "Ra in soil particles showed an

increase in concentration with decrease in particle size below 100 urn.

Although several studies support the particle size - emanation power relation-

ship, work by Stank and Melikova (1957) found that the amount of 'Rj. made

available to passing fluids may be the same or less from rock after it is crushed

than before (Tanner, 1964a). If corrosion films, crusts, and secondary cements, as

well as nanopores resulting from weathering of mineral grains, are major contribut-

ing features to mRn emanation in ground water, perhaps some laboratory experi-
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ments are not accurately simulating actual aquifer conditions.

In summary, the physical factors of "Ra concentration in the solid phase

(including secondary crusts, films and cements), particle size, and saturated porosity

are crucial parameters that affect the emanating power of a homogeneous sediment.

Radon Migration in Ground Water

Once radon has become a solute in the pore fluid, it is subject to movement

by diffusion and convection (providing the pore is open to flow). Andrews and

Wood (1972), showed that a transport velocity of only 10 cm sec' was more

effective than diffusion in causing the movement of radon in ground water.

Furthermore, Tanner, (1964a) states that for saturated rock and soil, the one

dimensional diffusion equation indicates that 222Rn will undergo one hundred-fold

diminution in the short distance of 10.7 cm using the diffusion coefficient for water.

Hence, diffusion is not seen as a significant process for transport of radon in ground

water.

The short half-life of 222Rn, and the slow migration of ground water allows

"Rn to be in secular equilibrium with "Ra in the local rock (Brutsaert and others,

1982). Tanner (1964a), examined the transport of 222Rn in ground water using the

time restriction of one mean life of a "Rn atom. This is ia, or 5.5 days, where

is the decay constant for 222Rn. For one-dimensional gravitational flow, the mean

migration distances are proportional to the ground-water flow rates. Normal ground-

water flow rates are 2m/yr to 2m/day (Todd, 1980). Given a homogeneous aquifer
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with a uniform distribution of "Ra, one would expect a well, after a period of

time, to produce constant "Rn levels. For the case of steady, radial, horizontal

flow to a well, the migration distance is proportional only to the square root of the

flow rate and reciprocal of the porosity (Tanner, 1964a). An approximation of this

distance for well A-32 (sample 56) of this study, for example, can be made using

the flow rate of 3.14 m3/min (830 gpm), the screened interval of 166 m (545 ft), an

estimated effective porosity of 25%, and the mean life of a "Rn atom. The

volume and radius of a cylinder of height equal to the thickness of the well screen

can be calculated using the known flow rate. A geometrical volume of 99,524 tn?

(3.5 x 106 fe) would provide the amount of water discharged during one mean life

of "Rn. The corresponding radius is about 14 m (45 ft). As Tanner (1964a)

stated, this simple calculation does not take into account the disproportionate

amounts of water being supplied by aquifer materials, but even so, the error in the

radius is proportional to the square root of the error in the thickness estimate. This

calculation indicates that most of the "Rn measured in well water comes from

immobile "Ra that is quite close to the well bore.

In the case where a pump has just been turned on, Harvey (1981), found that

radon concentrations increased during the early hours of pumping and then stabilized

at a lower concentration. He attributed this fluctuation to compressional stresses in

the aquifer due to pumping. Dixon and Lee (1987), observed a similar trend and

attributed the decrease in radon concentration to the expansion of the cone of

depression into water bearing lower radon concentrations; a site specific behavior.
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Flow of radon-containing water to a well by way of a fracture has not been

extensively studied for alluvial aquifers. In general, flow rates would have to be

quite large in order to transport radon long distances to a pumping well. If the

source of radon is within the walls of the fracture itself, the concentration of radon

would be limited by the small surface area to water ratio.
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CHAPTER 5

RADON-222 ANALYSIS

Methodology

Radon-222 was measured by degassing a water sample into a Lucas-type

alpha scintillator cell and counting the disintegrations with an EDA Instrument RDA

200 Radon Detector (Figs. 4 and 5). The degassing method extracts the dissolved

radon gas in a carrier gas, such as helium or in this case, nitrogen.

The advantages of the degassing - alpha scintillation cell method are its

ability to measure, quickly and accurately, "Rn in water. The method is field

compatible and minimizes sample preparation and loss of "Rn during the sampling

procedure and analysis. Detection limits for this method are reportedly as low as

the sub-picocurie/L level (FDA Instruments, 1988).

A widely used alternative method is direct-scintillation counting. This

method lacks specificity, as any alpha particle or hard-beta emitters, other than "Rn

and its daughters, that are soluble in toluene will also contribute to the count rate

(Yang, 1987). Losses of "Rn during transportation and storage may occur due to

permeable or leaky caps or stopcocks. The detection limit for liquid scintillation for

"Rn only, is about 10 to 70 pCi/L (Yang, 1987 and Herwehe, 1988).

Gamma spectroscopy, and extraction concentration and liquid-scintillation

counting are two other methods for measuring "Rn described by Yang (1987).
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The detection limits for the gamma spectroscopy and extraction concentration

methods are 10 pCi/L for a 1 L sample, and 0.2 pCi/L for a 500 ml sample,

respectively.

Instrument Description

The degassing instrument was designed and constructed (by the author) to be

field-worthy and compatible with the scintillator cells of EDA Instruments. The

detector and degasser are shown in Figs. 4 and 5. The degassing system is put

under a partial vacuum of 685 ton using a hand pump, then brought up to atmos-

pheric pressure (about 720 torr) by allowing nitrogen to be drawn in and bubbled

through the water sample by way of a silica diffuser. The purged gases pass through

a drierite (anhydrous calcium sulfate) trap which absorbs moisture, and are finally

collected in a scintillator vacuum cell.

A more detailed description of the degassing system follows. The inlet of

the degassing system consists of Tygon tubing through which the carrier gas

nitrogen is introduced. The flow of nitrogen is regulated by a glass and plastic

Roto-flo valve (valve 1). The nitrogen passes through tygon tubing and into a 125

ml erlenmeyer sample flask by way of a fine flitted gas diffuser tube (the flask and

the diffuser together are referred to as the bubbler). The diffuser is fitted to the top

of the sample flask through a drilled-out no. 5 rubber stopper and situated close to

the bottom of the flask. "Rn extracted from the water sample escapes through the

nipple port of the sample flask, through tygon tubing, and into stainless steel tubing



Figure 4: Radon degassing instrument.
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Figure 5: RDA 200
radon/radon daughter
detector.  
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leading to a brass valve (valve 2). Upon exiting this valve, gases enter a glass

drierite tube (1.9 cm O.D. x 21.3 cm). The exiting end of the clrierite tube is

connected to stainless steel tubing which, in turn, is connected to a brass valve

(valve 3). On the exiting side of this valve, a vacuum gauge is attached using a T-

shaped connecting fixture. Finally, stainless steel tubing connects this fixture to

Tygon tubing with a male Swagelok connector on the end. The male connector is

connected to its female counterpart on an alpha scintillation cell (Fig. 6).

In order to prevent premature aeration of the water sample, a sampling

adapter was constructed of a rubber sleeve, Tygon tubing, and glass tubing through

a rubber stopper (Fig. 7). The glass tubing, through which the water sample enters

the flask, was situated such that it almost touched the bottom when the stopper was

placed on the flask. Most of the introduced water sample entered the flask slowly,

under the water sample surface, not free-falling, subject to aeration.

The RDA 200 is designed specifically for radon detection. It measures the

alpha particle activity of radon and its daughters. The alpha particles strike the

silver-activated ZnS phosphor coating of the scintillator cell interior, resulting in

emission of a number of photons of ultra-violet light. Each photon registers on the

high gain photomultiplier tube and is transformed into an electrical impulse. The

impulses are in turn, accumulated, counted and digitally displayed after a preset

counting time has been completed (FDA Instruments, 1988).

Before the cell is counted in the alpha detector, the radon is allowed to reach

secular equilibrium with its two short-lived, alpha-emitting daughters; polonium-218



Figure 6: Alpha
Scintillation cell.

40
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C"Po) and 214Pb. When this equilibrium is established in 3 to 4 hours, the cell is

counted for 30 minutes and the counts per minute (cpm) recorded. To minimize a

build-up of a high cell background, after it is counted, the cell is flushed with

filtered outdoor air for 15 to 30 minutes and then evacuated to about 300 torn

Initial testing of the degassing unit showed an optimum degassing time of about 2

minutes. Repeated tests of the same sample showed that about 85% of the radon

was extracted during the first degassing period.

Calibration

Calibration of each cell's efficiency (eight cells were used) was performed at

UNC Geotech, Grand Junction, Colorado. The cells were flushed with radon gas of

a known concentration (313 pCi/L) for a period of 45 minutes. The cells were

then counted in the RDA 200 detector after reaching secular equilibrium. Counting

was done two times after equilibration periods of about 4 and 6 hours. The

resulting cpm divided by the radon concentration (pCi/L) is the cell's yield factor or

sometimes called efficiency factor. An average yield factor was calculated for each

cell. Cell 5 had the median factor after the first count and was used as a normaliz-

ing cell. All other cell yield factors were divided into cell 5's yield factor to

normalize the data to cell 5. This was done to eliminate having to construct

calibration curves for each cell.

A National Bureau of Standards (NBS) traceable radium-226 solution

provided by the University of Arizona Radiation Control Office (Appendix A) was



42

used to prepare standards. Six, 100 ml radium solutions were prepared in degassing

flasks of approximately the same volume as the sampling bubbler. Errors in

preparing the standards were insignificant compared to the + 2.7% overall error of

the quoted radioactive concentration of the original radium-226 solution. The

radium solution flasks are constructed entirely of glass; a 100 ml flask with stop-

cock valves on both a gas diffuser inlet and glass outlet tube. The diffusers used

were of the same type used in the degassing instrument, however, the size and

quantity of bubbles varied during normal degassing procedures. The head space

volume in the radium flasks was similar to that of the sampling flask. The

solutions were degassed into the cells only after a week of radon ingrowth (com-

plete ingrowth of radon is established at about 38 days). This was done consecu-

tively, for eight weeks so each of the eight cells used would have collected a

different concentration of radon, and a better cpm/pCi/L relationship could be

realized. After making compensations for the age of the original solution and the

incomplete ingrowth time, the concentrations of the solutions were calculated at

about 72, 180, 360, 540, 719, and 3597 pCi/L. The cpm for each cell for each

concentration was normalized to cpm's for cell 5 and then plotted against it's corre-

sponding radon concentration as shown in Fig. 8. Once a field water sample was

degassed and the cpm recorded, the net cpm value was multiplied by the cell's

normalizing factor (cell 5 cpm/cell # cpm). The equation of the best fit line of Fig.

8 (Y = 0.34X - 3.9) was then used to calculate radon in water values. This line

indicates a detection limit of about 12 pCi/L water at 0 cpm. Background cpm
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levels in the cells ranged from about 0.5 to 2.5 cpm, usually being less than 2.0

cpm. The calculated 22.2Rn concentrations for this background range is 13 to 19

p Ci/L.

Field Sampling

The selection of the wells to be sampled was at first focused on obtaining

several basin-wide northeast traverses and one northwest traverse, within the limits

of Tucson Water (a Department of the City of Tucson) wells. Sampling of private

wells was not priority because the distribution of the Tucson Water wells was

sufficient, and information on private wells is usually limited. Once the traverses

were accomplished, the remaining unsampled areas were sampled so that the overall

sample density was about one well per square mile. A total of 99 wells were

sampled in the Tucson area. Eighty-six of these wells were Tucson Water wells,

and the remaining 13 are wells owned privately or by other water companies or

institutions (see Appendix B). Sampling of most of the wells was done from early

April through August, 1988, between the hours of 9:00 AM and 1:00 PM. Most of

the Tucson Water wells had been pumping for several hours, if not more than 24

hours, before sampling. At each well, two samples were taken at the sample port

located between the well head and the pressure tank. Well samples were assigned a

sample number in ascending order from 1 to about 107.

The sampling procedure consisted of assembling the degassing equipment as

shown in Fig. 4. All valves of the degasser were kept closed prior to use. The
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sampling adapter was connected to the sample port (spigot, Fig. 7) which was then

opened and water allowed to flow for 5 to 10 minutes into a Nalgene bottle where

temperature was measured and recorded. A scintillator cell (Fig. 6), whose back-

ground cpm had been previously measured, was connected to the degassing instru-

ment. Valve 1 (the valve controlling the nitrogen flow) was kept closed and the

main nitrogen tank valve and diaphragm was opened, allowing nitrogen to flow

through the gas filter and up to valve 1. Valve 3 (between the cell and drierite)

was opened. The hand pump was connected to the other Swagelok valve on the

cell, and a vacuum of approximately 685 torr was produced in the cell and drierite

tube (valve 2 was closed). The hand pump was disconnected and a water sample

taken. The flow at the sample port was decreased to minimize agitation in the 125

ml erlenmeyer vacuum flask, but kept high enough so as not to draw air into the

adapter at the sleeve-spigot interface. While the water was flowing, the flask was

tightly connected to the adapter. The water was turned off when the level reached

the 100 ml mark. The nipple air port on the flask was covered tightly with a

finger, and the stopper of the adapter was quickly replaced with a rubber stopper.

The sampling time was noted. The flask was then quickly connected to the

degassing unit; the Tygon tubing firmly pushed on the nipple, and the stopper with

the diffuser pushed on the top opening. The vacuum gauge was checked to make

sure no leaks had occurred in the degassing instrument. Valve 2 was slowly opened

allowing the air/nitrogen that was forward of the diffuser to be pulled through the

diffuser, bubbled through the water sample, and into the evacuated portion of the
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system. This caused an initial degassing of about 15 seconds and a drop in the

vacuum from about 685 to 585 torr. As this bubbling began to subside, valve 1,

the nitrogen control valve, was slowly opened and periodically adjusted, providing a

continuous degassing over a total of about 2 minutes. The sample flask was swirled

as the sample degassed to increase agitation and mixture of the carrier gas with the

water sample. At the moment the pressure gauge read atmospheric, valves 1 and 3

were closed, and the cell disconnected. The system was then back-flushed with

nitrogen for 1 to 2 minutes and the water temperature was checked again. The

duplicate sample was treated in the same way. The sample flask and adapter were

rinsed with deionized water after being used at each well site.

Three to four hours after a sample was collected in a cell, the cell was

placed in the RDA 200 detector and counted for 30 minutes. The background cpm

was subtracted from the cpm calculated from the 30 minute counting period to give

the net cpm for that cell sample. The cpm value was converted to pCi/L by use of

the calibration line, as previously discussed.

Eighty homes in the Tucson area were sampled for "Rn in the drinking

water beginning in mid-November, 1987 and ending in the beginning of June, 1988.

Seventy of the 80 samples were collected by the end of March, 1988. The selec-

tion of the homes to be tested was done initially by contacting faculty and staff of

the Hydrology and Geosciences Departments at the University of Arizona. Later,

homes were tested as a result of publicity, word of mouth, and cooperation with

Pima County Health Department as well as the Respiratory Sciences Division at the
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University. Water samples from homes were treated in the same manner as the

well samples, with the adapter connected to the kitchen tap or outdoor spigot. No

duplicate samples were taken at the homes. The domestic water samples were

assigned sample numbers in ascending order from 10 to 90.

Instrument Variation

The precision of the degassing-scintillation cell method was examined by

plotting the results of the first well sample versus that of the duplicate sample for

all wells tested (Fig. 9). The average precision or percent difference was calculated

at about +13% (Appendix B). In addition, repeated samples were taken at 4 wells

at a later date. The reproducibility of these measurements ranged from + 3% to +

25% and averaged +10% (Appendix B). A standard solution was prepared by

degassing deionized water and storing it in glass containers. Repeated analysis of

100 ml samples of this solution showed a mean standard deviation of 14.6 %. The

data for these analyses are shown in Appendix B.
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CHAPTER 6

RESULTS

Well Water

Plate 1 shows the distribution of "Rn concentrations in well water of the

Tucson area. The range of "Rn concentrations for all the wells is 83 to 1404

pCi/L. The average and median values are 470 and 384 pCi/L, respectively. The

raw data for the wells are shown in Appendix C and Fig. 10 is a frequency

distribution for all the wells tested.

The wells in the interior part of Tucson, those of the B, C, and D zones

(excluding anomalous well samples 93 and 94), have an average "Rn concentration

of 254 pCi/L with a range of 125 to 483 pCi/L. The highest radon concentrations

occur in wells situated near the Santa Cruz River, which closely parallels the trace

of the Santa Cruz fault (see Plate 1). This zone, defined within the limits of the

data, is approximately 3.7 to 4.6 km (2 to 2.5 miles) wide in places to the north, up

to 9.3 km (5 miles) wide at the southern end, and up to 59 km (32 miles) long, and

consists of 30 wells with "Rn levels between 500 and 1404 pCi/L. Figure 11

illustrates the ground-water concentrations of "Rn in wells along an east trending

geohydrologic cross section (Plate 1). Radon in the 400 pCi/L range was found in

some wells associated with other faults in the basin. Of the 13 well samples with

222Rn concentrations that lie between the median value (384 pCi/L) and 500 pCVL,
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Fig.11: Geohydrologic section C—V(Plate I), showing wells of Anderson (1987. Plate 1 ).

and corresponding radon-222 concentrations in ground water of wells sampled in this study.
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10 samples are from wells within 1.8 km (1 mile) of a fault, and 5 wells lie within

0.92 km (1/2 mile). Well samples 28, 24, 23, 5, and 6 all lie within 0 5 km (1/4

mile) of the northeast trending faults near the middle of the study area, but their

concentrations are less than about 250 pCi/L "Rn. Well samples 2 and 50 were

taken within about 0.92 km (1/2 mile) of the postulated I-10 fault with no evidence

of thermal or "Rn anomalies. The high 'Rn-containing well waters in the Santa

Cruz well field, about 22 km (12 miles) south of Tucson, and bound on the west by

the Santa Cruz fault, are included as the southern end of the Santa Cruz mRn trend.

The relationships of "Rn with temperature, discharge, pumping (bowl) depth,

pumping water level, and average lower and upper perforation depths were investi-

gated (see Figs. 12 through 17, respectively). "Rn concentrations are not obviously

dependent on temperature (r=0.14), however, the distribution in Fig. 12 indicates

that for wells with greater than 500 pCi/L "Rn, a positive correlation is apparent.

The average temperature of all the wells tested was 25.7 °C. The highest tempera-

ture (34.1 °C) was associated with the highest "Rn concentration, yet wells with a

temperature of about 30 °C showed a range of mRn concentrations from 150 to

1200 pCi/L. The average temperatures for "Rn concentrations categorized in 100

pCi/L ranges is shown with the data in Appendix C. Wells with "Rn concentra-

dons greater than 1,000 pCVL have an average temperature 4 °C higher than any

other of the wells when categorized into 100 pCi/L ranges. The 900, 800, and 700

pCi/L categories all fall at or below the overall mean temperature of 25.7 °C. No

anomalously high "Rn concentrations were associated with low temperature waters.
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This study shows a slight negative correlation (r=-0.35) of "Rn concentration

with pumping depth and virtually no correlation with discharge.

The perforation depths used in Figures 16 and 17, and shown in Appendix

C, were arrived at by taking the average depth of the interval, and where wells had

multiple well screens, upper and lower intervals were examined separately. The

scatter-plot of "Rn versus the lower perforation interval shows a poor correlation.

"Rn concentrations greater than 500 pCi/L can originate at depths less than 100

feet to greater than 700 feet. Fourteen of 19 samples over 700 pCi/L are associated

with perforation depths between 350 and 700 feet. The correlation of "Rn with the

upper perforation interval was slightly negative (r=-0.25). This plot shows 26

samples that have greater than 500 pCi/L "Rn concentrations, and have well

perforations between 100 and 400 feet. The pumping water level is a parameter

that suggests the minimum depth of the aquifer that could contribute significant

amounts of "Rn to the well. Even though some water flows vertically to the well,

the amount of "Rn contributed from drainage above the cone of depression as well

as shallower depths within the cone of depression, should be small because of the

longer travel time. Fig. 15 shows a weak negative correlation (r=-0.35) and that

pumping water depths less than about 260 feet contribute the higher radon levels

(>700 pCi/L), while depths greater than this contribute radon levels less than 700

pCi/L. The examination of gamma ray logs of the few wells that were logged,

showed inconclusive tendencies.
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Domestic Water

The distribution of "Rn concentrations in domestic water samples are shown

on Plate 1, and the raw data are in Appendix D. The range of "Rn concentrations

for the domestic water is about 67 to 1263 pCi/L. The average and median values

are 314 and 206 pCi/L, respectively. Fig. 18 is a frequency distribution of the

domestic water data. Approximately 55% of the domestic water tested had greater

than 200 pCi/L radon.

The most obvious area of high 2.22Rn in domestic waters is in the densely

sampled area of southwest Tucson. The average mRn in the water of these 12

homes is 669 pCi/L, with two of the homes having values near 1250 pCi/L. Other

areas having radon concentrations between 300 and 599 pCi/L are in eastern, and

west-central Tucson, and several scattered points in the northern part of Tucson

within 2 to 4 perpendicular miles of the "Santa Cruz 222Rn trend" of the well

samples. Two other homes with similar levels of radon are anomalously located in

the northern foothills of Tucson; and one home with its own well, contained 733

pCi/L of "Rn and is in the far southeastern foothills.
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CHAPTER 7

INTERPRETATION

' Rn in Wells and Homes

A significant difference exists between the average and median "Rn

concentrations of the well data versus those of the domestic data. The potential for

radon degradation by decay and/or degassing, will vary considerably depending on

the design and demands of the distribution system. The demands on the distribution

system vary seasonally and determine what wells or well fields are operating at any

particular time. For example, during the winter season when most of the homes

were sampled, Tucson Water was not operating the well system at full capacity.

Lowrie (1988), stated that even though there are typical flow patterns in most areas

of Tucson, it is not possible to determine from which well or well region a

particular home in the Tucson area is receiving its water at a given time. This is

because the distribution system is automated, and water essentially flows to points

of low pressure while in route to or from booster stations and/or reservoirs.

Isolated areas, such as in extreme northwestern and eastern Tucson, receive water

from nearby wells, and generally, wells of a letter designation wifi supply homes

within that lettered zone (Plate 1).

The source of the domestic high radon concentrations in the southwest

Tucson area (samples in the area, and including 27, 44 and 84) is water from wells

62
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in Avra Valley, which lies outside the study area, 10 miles to the west of these

homes. Several wells in Avra Valley tested high in "Rn, which is consistent with

this relationship, but the occurrence of radon in the ground water of Avra Valley is

beyond the scope of this study.

In this study, the degradation of 222Rn refers to the decay and degassing of

the element. The percent degradation, is defined as the percentage amount of 222Rn

that has decayed and/or degassed from its well concentration to some distribution

point concentration, such as a home. Because the homes and wells were not

sampled during the exact same time period, the degradation can only be estimated.

The percent degradation for the homes in the southwest area is calculated by taking

a non-weighted average of the Avra Valley well 222Rn concentrations and comparing

it to the average 222Rn concentration in the homes of this area. The result is about

49%. The Avra Valley water is piped to a booster station near well SS-18 (sample

85) where it is distributed into the C zone (area of C lettered wells). Water that is

left over goes to the B zone. Water from the Santa Cruz well field (well samples

86-92, 95 and 96), also follows this path, feeding B, C, and D zones. During the

winter, the Santa Cruz well field water most likely supplies middle to east areas of

Tucson (Lowrie, 1988). If the Santa Cruz well field was the only supplier to the C

zone, the degradation of 222Rn is about 42%. All Southside (SS) wells except for

well SS-24 (sample 46) supply a reservoir near domestic sample 57 which in turn,

supplies A zone and the western part of Tucson. The SS-24 well supplies the B

zone. The 222Rn concentrations in domestic samples 13, 21, and 35 in the B zone,
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could have resulted from any one or a mixture of well water from SS-24, B-83,

and/or B-85 (samples 46, 93, and 94, respectively), Avra Valley and/or the Santa

Cruz well field. Western Tucson can also receive water from a main on the north

end of the A zone, including wells Z-1 through Z-3 (samples 11 and 12). The

domestic waters with greater than 300 pCi/L "Rn in west Tucson, are probably

from the SS wells and/or A or Z zone wells. The northwest Tucson area is

somewhat hydraulically isolated. The domestic water samples 40 and 49 are most

likely originated from well waters of nearby wells, Z-13 and Z-17 (samples 9 and

7). The degradation of 222Rn between these wells and homes, on the average, is

about 28%, but for well Z-17 and home 40 the degradation is only 8%. Anomalous

domestic sample 33 (579 pCi/L) is directly related to the high well samples 105

(850 pCi/L) and 107 (1331 pCi/L), because these three samples were taken within

the distribution system of a small local water company. The degradation between

the average 22.2Rn value of the wells and the home value is 47%. Domestic water

samples 31 and 47 probably obtained their "Rn concentrations from close anoma-

lous wells, but this area is within another water company's district, and no well

samples were taken there. Well C-97 (sample 8) contained water with a 2nRn

concentration of 483 pCi/L and supplies water to domestic sample 28 which

contained 495 pCi/L (Lowrie, 1988). The fact that the home value is greater than

the well value is probably due to instrument variation and the difference in sam-

pling time. Nonetheless, if pumping and distribution conditions were representative

when these samples were taken, virtually no degradation occurred. Water from C-
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97 can flow to the C zone reservoir, which is located about 1.5 miles west-north-

west of domestic sample 88. The origin of water of sample 88 (444 pCi/L), is

probably from well C-97, or Santa Cruz well water feeding the C zone reservoir.

Finally, domestic samples 39, 62, 66, and 67 in east Tucson had mRn values

ranging from 300 to 350 pa/L. With the exception of home 39, wells within 2 km

(1 mile) of these homes contain "Rn values greater than this range, and are most

likely the cause of the domestic values. Domestic sample number 39 could have

received water from the Santa Cruz well field.

Well Water

The correlation of "Rn well water concentrations with water temperature,

well discharge rate, pumping depth, perforation depths and pumping water level

were not straight forward, but suggested some tendencies.

The slight positive correlation of mRn with water temperature, also suggests

two trends in the data. Wells of the higher concentrations (>500 pCVL) show a

more positive correlation, while lower concentration wells show no correlation. This

does not appear to be caused by the geothermal gradient in deep wells. Wells

along the Santa Cruz trend, on the average, are not deeper than wells elsewhere in

the Tucson area. This relationship supports the concept of influence of the Santa

Cruz fault on "Rn anomalies, or at least that the Santa Cruz "Rn trend seems to

be in an area more thermally conductive than other parts of the Tucson area.

Theoretically, a relationship may exist between discharge rate of a well and
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the 222Rn concentration flowing from it. In fractured, crystalline rock the correlation

between discharge and 222Rn is commonly negative. This occurs when fractures

hydraulically connected to a well, draw in distal waters deficient in 'Rn, and the

'Rn in the water of the fracture increases in concentration due to emanation from

the fracture surfaces. The concentration varies depending on residence time in the

fracture (Chen and Wilson, 1987). In a homogeneous, sedimentary aquifer of

uniform 222Rn emanating power, the concentration of the "Rn would not be

expected to change as it enters the well. As the discharge increases, the relative

proportions of transmitted water attributed to specific strata probably changes, but

may affect the "Rn concentration negatively or positively. Fine-grained, higher

222Rn emanating sediments may decrease their relative water contribution to the well

because of lower transmissivities. Tanner (1964a), did not see a correlation between

discharge rate and "Rn in the well water of wells in an unconsolidated, artesian

aquifer. The relationship between 222Rn concentrations and discharge is probably

site specific.

No linear correlation was observed between "Rn concentrations and pumping

depth. This is probably because many wells have large or multiple well screen

intervals, so water coming into the well was not indicative of the pumping depth.

To refine the depth-222Rn correlation, perforation intervals were examined. The

slight negative tendency of the upper perforation versus 222Rn plot (Fig. 17) indicates

that the higher concentrations are from a shallow source; between 100 and about

425 feet. Twenty-five of 35 wells with greater than 500 pCi/L "Rn are in this
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category. The weak correlation of pumping water level with 2.22Rn concentration

(Fig. 15) shows a similar trend with 27 of the 35 wells with "Rn concentrations

higher than 500 pCVL falling between pumping water levels of 100 and 300 feet.

The negative tendency of the scatter plot indicates that as the pumping water level

deepens, "Rn concentrations decrease, supporting the hypothesis that the 'Rn

source is shallow.

' Rn And Hydrogeology

The wells of the interior part of Tucson, those of the B, C, and D zones

(excluding anomalous well samples 93 and 94), have an average 222Rn concentration

of 254 pCi/L. The Fort Lowell Formation and upper Tinaja beds underlying this

area are primarily composed of granitic and gneissic sediments derived from the

Santa Catalina, Tanque Verde, and Rincon mountains. This region seems to

represent background concentrations of "Rn in ground water, but further research

could also prove it to be a zone of anomalously low "Rn concentrations. Certain-

ly, it is a region with its own hydrogeochemical-"Rn signature, probably indicating

that the uranium/radium concentrations, and physical nature of the gneissic sedi-

ments are not conducive to emanating large amounts of "Rn.

Considered here are three hypotheses that could explain the occurrence of

the high "Rn concentrations in the ground water underlying the Santa Cruz River

area: 1) the trend is directly or indirectly related to water movement along the Santa

Cruz fault, 2) the trend is lithologically related, and 3) the trend is related to aquifer
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compaction in the area.

The Santa Cruz fault trace closely follows the Santa Cruz 'Rn trend (Plate

1). The association of anomalous radon in soil gas and ground water with faults

has long been known (Williams and Lorenz, 1957; Lorenz and others, 1961; and

Smith and others, 1980), but the mechanisms causing this relationship are specula-

tive. An initial hypothesis is that the Santa Cruz fault and associated fractures, are

acting as high capacity conduits, providing a pathway for deep-seated, high radon-

containing water to move upward to a pumping well. The enhanced transport may

be due to an increased thermal convection and/or from induced circulation caused

by pumping wells. Some evidence suggests that this mechanism is not the cause of

the Santa Cruz 222Rn trend. As mentioned previously, wells with 22-2Rn concentra-

dons greater than 1,000 pCi/L have an average temperature 4 °C higher than any

other wells producing water in the 100 pCVL ranges. Of the 6 wells that had

greater than or equal to 1,000 pCi/L of 222Rn, 3 wells lie within 1 km (0.5 miles), 2

wells lie within 2 km (1 mile), and one is 3.7 km (2 miles) away from the Santa

Cruz fault (Plate 1). One of these wells have temperature values about equal to or

below the mean temperature for all wells tested, the remaining four have tempera-

tures above the mean. If the Santa Cruz fault were the sole source of the anoma-

lous 222Rn in the ground water, how can the inconsistencies in well proximity and

temperatures be explained? Perhaps yet undetected splays of the fault system exist.

The inconsistent temperatures could be caused by mixing with colder waters,

without dilution of 'Rn concentrations. Stank and Melikova (1957), found that the
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temperature dependency of 222Rn emanation from uranium ore at 20 °C, was an

increase of approximately 1 percent/ °C (Tanner, 1964a). The possibility that local,

warm waters enhance 22-2Rn emanation from sediments containing background

concentrations of "Ra, may be discounted if this relationship applies along the

Santa Cruz 222Rn trend. Tanner (1964a), found that for small thermal anomalies in

the ground water near the Great Salt Lake, the effect of increased diffusion rate

should be negligible. The depth to bedrock in the Tucson area, may be as great as

6100 m (20,000 ft) (Anderson, 1987a). Transporting 'Rn-bearing water from this

depth seems unreasonable, and, even if a high 'Rn-containing source of ground

water exists at a depth of 500 m (1600 ft), the concentrated 'Rn-bearing water

would probably not reach the well in significant concentrations. If an assumed

2-22Rn concentration at this depth is an order of magnitude greater than the highly

anomalous wells (10,000 pCVL), the transport from the deep source area to the

bottom of the wells would have to occur within 13 days. This is a transport

velocity of 38 m/day. Ground-water velocities a magnitude less than this are

considered uncommonly high (Tanner, 1964a), therefore, it is unlikely that the 'Rn

anomalies originate from a deep-seated, concentrated source.

This study finds no convincing evidence that supports the association of

higher "Rn concentrations with other faults in the Tucson area. Of the 13 well

samples with 222Rn concentrations that lie between the median value (384 pCi/L) and

500 pCVL, 10 samples are from wells within 2 km (1 mile) of a fault, and 5 wells

lie within 1 km (0.5 mile). However, well samples 28, 24, 23, 5, and 6, all lie
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within 0.5 km (0.25 mile) of the northeast trending faults near the middle of the

study area, and their concentrations are less than about 250 pCifL "Rn. Well

samples 1 and 44, in the southeast and east Tucson area, could be associated with

the east block fault forming the graben of the basin, or a detachment fault in the

region, but their temperatures are low. Well water samples 2 and 50 were taken

within about 1 km (0.5 mile) of the postulated I-10 fault with no thermal or 'Rn

anomalies evident. It would not be expected that all faults be associated with 'Rn

anomalies, since their geologic history and physical characteristics would vary

considerably.

The physical disturbance of rocks in proximity to a fault may enhance the

emanation power of the material. The presence of crushed rock and micro-fractures

could expose a greater surface area for radon to emanated from. Fault gouge is

commonly poorly sorted material with a lower porosity. The decreased porosity

would provide higher concentrations of "Rn, but the gouge would have to be

transmissive and of significant amount to act as a source of "Rn. Since the wells

within the Santa Cruz trend occur over a 3.5 to 5.5 km (2 to 3 mile) width, it is

unlikely that the material within a single fault plane could account for the 222Rn

anomalies over this distance. The possibility that ground-water flow up or along the

fault over geologic time could preferentially deposit, by ion exchange, greater

amounts of "Ra within the gouge zone, fails to explain the breadth of the trend as

well. However, the deposition of "Ra over a broad area, associated with mixing of

"incoming" water of a different chemistry with waters of the basin, is a promising
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mechanism explaining the concentrations of "Rn in the Santa Cruz River area. The

source of the 'Ra-bearing waters may be from deep waters emanating from the

fault, or from recharge waters of the Tucson Mountains to the west. Wollenberg

(1974), found that deep, hot water was transporting "Ra to the surface where it

preferentially was associated with CaCO 3 hot spring deposits. The ground water of

the Tucson Mountains is commonly high in total dissolved solids (TDS), conditions

that would favor the mobility of radium. Perhaps upon mixing of the recharge

waters with "normal" waters of the basin, hydrogeochemical conditions cause 'Ra

to precipitate out with CaCO3, and/or adsorb to Fe and Mn hydroxides or clays

which are prevalent in the area. Higher TDS in the ground water underlying the

Santa Cruz River area may be an indication of this mixing zone. Tanner (1964a),

concluded that "Ra coprecipitation with ferric hydroxide could be expected in the

mixing of oxygen-poor ground water containing "Ra, and iron, with oxygen-rich

ground water. An in-depth hydrogeochemical study of the aquifer of the Tucson

area is needed to investigate the possibility of this mechanism contributing to

elevated "Rn concentrations along the Santa Cruz River area.

Numerous lithologie situations could account for the Santa Cruz "Rn trend.

The strata responsible for the source of the "Rn could occur at different time-rock

zones, but the processes of deposition would be similar for each horizon. The

important underlying assumption here, is that the anomalies of the trend all originate

within approximately the same time-rock strata. Although all of these possibilities

rely on a specific source of "Ra, they are not mutually exclusive. Possible sources
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that could define the trend include: the evaporite-containing middle Tinaja beds; the

fine-grained facies of the region; the sediment compositions of the different source

areas, and/or a pre-or-pene-contemporaneous faulting lithologic facies that is

naturally concentrated in "Ra.

The gypsiferous-anhydritic evaporite beds that occur in places in the middle

Tinaja beds, may contain a greater concentration of 'Ra, as radium could have co-

precipitated with the CaSO4. The arguments against this hypothesis are: 1) the

middle Tinaja beds are not penetrated by many producing wells and are generally of

poor transmissivity (Rogers, 1988); 2) several of the wells tested in this study and

also shown in Anderson's report (1987a), do not show an obvious correlation

between "Rn concentrations and the proximity to the middle Tinaja beds; and 3)

the hydrogeochemical conditions favorable for co-precipitation of radium with

CaSO4 (or BaSO4) probably did not exist. Much higher concentrations of Ra, than

what is seen in ground waters today, would be required for this reaction to take

place, and there is no indications of large concentrations of barium available for co-

precipitation of Ra with BaSO4 (Humphreys, 1987).

The higher percentage of fine-grained materials in the Fort Lowell and the

upper Tinaja beds, occurs roughly along the southern two-thirds of the Santa Cruz

"Rn trend, as previously mentioned. Whether or not the correlation between fine-

grained sediment and the Santa Cruz "Rn trend is meaningful remains to be seen,

but this lithologic relationship cannot be ruled out.

The composition of aquifer sediments is obviously a major consideration for
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its ability to emanate "Rn. Anderson (1987a, Plate 3), has mapped the late

Tertiary and Quaternary sediment source areas for the Tucson basin. North of about

well Z-5 (sample 104), the Santa Cruz "Rn trend falls along the interface between

the Santa Catalina, Tanque Verde, Rincon and Tortolita source sediments, and the

Tucson and Black Mountain source sediments. As it trends south, the interface lies

just east of the radon anomalies, curving west just before reaching the Santa Cruz

well field area, which is composed of Santa Rita and Sierrita Mountain sediment.

A single source of sediment, as mapped by Anderson, cannot account for the Santa

Cruz "Rn trend. Well logs of the interior well field (middle Tucson), agree with

Anderson's study, confirming the abundant gneissic material derived from the Santa

Catalina, Tanque Verde and Rincon mountains. The gneissic material in this area,

for physical and/or chemical reasons, is not emanating anomalous amounts of "Rn

into the ground water. Several wells near the Santa Cruz fault contain abundant

coarse material of andesite and/or rhyolite derived from the Tucson mountains. This

type of rock normally is deficient in uranium and would not be expected to emanate

anomalous amounts of "Rn. Damon (1988), however, notes that the Turkey Track

andesite (actually a calcic latite), cropping out in the Tucson mountains, contains an

above average amount of uranium (3.3 ppm) for a rock of this type. Unusual

concentrations of uranium and radium within the source sediments may be related to

the Santa Cruz "Rn trend, but further studies are needed to verify this hypothesis.

A final mechanism to consider is the existence of a "hidden" tectostratigraphic unit

within the Fort Lowell Formation and/or upper Tinaja beds, characterized by a
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richer concentration in "Ra and/or its ability to emanate "Rn. Such a unit, or

time-rock zone, could have been deposited as sediments in the alluvial plain of the

ancestral Santa Cruz drainage during its development in late Pliocene to Pleistocene

time. The ancient river probably meandered naturally but was bounded on the west

by the Santa Cruz fault scarp. This could account for the broad distribution of the

Santa Cruz "Rn trend. The origin of the 'Rn emanating-sediments was probably

from the southern part of the Tucson basin, possibly as close as the Santa Rita

mountains, as the radon anomalies extend the full 8 km (5 mile) width of the Santa

Cruz well field. However, further measurements in the southern and southwestern

part of the basin could reveal similar concentrations of "Rn in the ground water,

indicating a more ubiquitous source of mRn.

A final hypothesis to consider is "Rn emanation related to aquifer compac-

tion. Aquifers under stress can influence radon emanation and transport (Smith and

others, 1978; and Harvey, 1981). Local or regional aquifer compaction or compres-

sion associated with water level declines may result in micro-fracturing of mineral

grains, as well as a squeezing effect, which can transport pore water. Harvey

(1981), who studied radon concentrations in soil gas and ground water in the

Picacho basin, the basin to the north of the Tucson basin, did not find a good

correlation between radon concentrations in ground water and the magnitude of

subsidence in the area. Also, the spatial relationship between radon concentrations

and subsidence faults was inconsistent. Anderson (1987b), studied the potential for

subsidence in the Tucson basin and states that the potential for differential land
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subsidence and earth fissures is greatest in areas where saturated fine-grained

deposits of the Fort Lowell and upper Tinaja beds overlie shallowly buried faults or

convex irregularities. The region underlying the Santa Cruz fault fits this criterion

well, particularly in the area south of well A-32 (sample no. 56), where 40 to 80%

of the upper Tianja beds and Fort Lowell Formation consists of fine-grained

material (Anderson, 1987a, Plate 2). Measurements made by the United States

Geological Survey (U.S.G.S.), show that aquifer compaction is occurring in this

area, but only of the order of 2.4 cm (0.08 ft) in the last 8 years (Babcock and

others, 1988). The region north of well A-32 (sample 56), on the other hand,

shows only 20 to 40 percent clay and silt, but contains many high "Rn ground-

water anomalies Strain from aquifer compaction and subsidence under Anderson's

definition, does not appear to be a total solution to why the Santa Cruz "Rn trend

exists.
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CHAPTER 8

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

Summary and Conclusions

The relationship between "Rn in ground water and hydrogeology has been

studied throughout the United States (Brutsaert and others, 1982; Tanner, 1964a; and

Semprini, 1987). This study is the first of its kind in the north-central Tucson

basin, where currently, the city of Tucson is virtually dependent on ground water for

municipal use. The aquifer is composed of Cenozoic sediments separated into three

main units: the Pantano Formation of Oligocene age, the Tinaja beds of Miocene

age, and the Quaternary, Fort Lowell Formation. The unconsolidated sediments of

the Fort Lowell Formation and upper Tinaja beds are the major water producing

formations.

The purpose of this study was to determine the distribution of "Rn concen-

trations in the ground water and domestic water of the Tucson area; to examine the

spatial relationships of "Rn concentrations of these two water types; and to relate

the well water "Rn concentrations to the hydrogeology of the north-central Tucson

basin. The study area encompassed about 1,114 km' (430 mi2), which included the

city of Tucson and areas within 30 km (15 miles) of the city limits.

A total of 99 wells and 80 homes were sampled and measured for "Rn in

water using a portable water degassing instrument and a alpha scintillation counter.
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Analyses showed a wide distribution of 222Rn in the ground water, ranging from 83

to 1404 pCi/L which is within the range found in other sedimentary aquifers in the

U.S.. Domestic values ranged from 67 to 1263 pCiiL.

The "Rn values observed in the water of homes are obviously a direct result

of well values, however, the mean and median of the home data were less than

those of the well data by 156 and 178 pCi/L, respectively. Apparent spatial trends

between well and domestic 222Rn values are not always legitimate. The water

distribution system allows for the delivery of higher 'Rn-contained water to homes

37 km (20 miles) away, while some areas receive water from wells only 1 km (0.5

mile) away. In other cases, water produced from a nearby well may travel 10 km

(5 miles) through the distribution system before reaching the resident. Understand-

ably, the degradation of "Rn between wells and homes may vary considerably.

Estimates of degradation of "Rn range from 8% to 50% for cases where wells

most likely distribute their water directly to a home. For a larger distribution area,

for example, the Santa Cruz well field distributing to the C zone area of the city,

the degradation appears to be about 42%. The somewhat automated, dynamic

distribution system and the seasonal variation in the wells operated, is responsible

for variation in "Rn concentrations in the domestic water supply.

"Rn concentrations in well water showed a positive correlation with

temperature for samples with greater than 500 pCi/L, and did not correlate with well

discharge or pumping bowl depth. 222Rn concentrations show a weak negative

correlation with pumping water level and perforation intervals. The higher 222Rn
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levels were associated with ground water between 100 and 400 feet; within the Fort

Lowell and upper Tinaja beds.

The interior well field of mid-Tucson seems to represent the background

concentrations of "Rn, ranging from 125 to 483 pCi/L, and averaging 254 pCifL.

The 222Rn concentrations in the ground water of this area reflects the ability of the

aquifer material to emanate "Rn. Plate 1, shows the distribution of the well

samples, and an anomalous trend of "Rn concentrations between 500 and 1404

pCi/L in well water (the Santa Cruz "Rn trend) along the trace of the Santa Cruz

River. This trend, defined within the limits of the data, is about 3.5 to 5.5 km (2

to 3 miles) wide in places to the north, and up to about 10 km (5 miles) wide in

the southern most sampled area. In places, the central part of the trend, is repre-

sented by one well.

The origin of the anomalous "Rn concentrations within the Santa Cruz mRn

trend may be due to several reasons. Hypotheses are: A) a fault related source: 1)

where deep, high 'Rn-containing waters move upward along the Santa Cruz fault;

2) an increased emanation of 2-22Rn in the fault zone due to physically disturbed

(crushed) rock; 3) an anomalous amount of "Ra in the fault region, deposited by

circulating ground water over geologic time; and/or B) a specific lithologic source:

1) originating from concentrated "Ra in the gypsiferous-anhydritic deposits within

the middle Tinaja beds; 2) a specific sediment type originating from the erosion of

near-by mountain ranges; 3) the fine-grained facies of the Fort Lowell and/or upper

Tinaja beds characteristic of this part of the basin; and 4) the presence of a
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"hidden" tectostratigraphic "Rn emanating unit deposited within the Fort Lowell

and/or upper Tinaja beds within the alluvial plain of the fault-controlled, ancestral,

Santa Cruz River during late Pliocene to Pleistocene time; and/or C) higher "Rn

emanation associated with aquifer compaction in the area.

Of all the hypotheses presented, one, or several in combination may be

responsible for the above average "Rn concentrations in the ground water underly-

ing the Santa Cruz River area. However, preliminary considerations indicate the

probability of certain sources over others.

Crude travel time calculations support the idea that the "Rn emanating

source is close to the wells, not from water traveling from great distance (or depth).

The configuration of the Santa Cruz "Rn trend indicates the source is of a regional

scale. "Rn's parent, 'Ra, may be associated with: the fine-grained sediments or

sediment compositions, characteristic of the area; a unique uranium/radium-bearing

sedimentary unit deposited specifically in the anomalous region; incoming ground

water emanating from the Santa Cruz fault, or from recharge off the Tucson

Mountains to the west. The possibility of aquifer compaction playing a role in

"Rn emanation is not well supported.

Recommendations

This study was a reconnaissance of "Rn concentrations in the ground water

and domestic water of the Tucson area. To more fully realize the relationship

between "Rn concentrations in wells and those in homes, additional measurements
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and more specific experiments need to be made. According to the results of this

study, if levels of "Rn in the drinking water of the Tucson area ever fall above a

maximum contamination level (MCL) set by the United States Protection Agency

(USEPA), the Tucson Water Company should consider such additional measure-

ments. An initial step would be to obtain seasonal measurements from representa-

tive distribution points through out the Tucson area. Such points may be storage

reservoirs, and of most concern, water mains that carry water directly from a well

to a home with little residence time in the distribution system. If regulations allow,

an average mRn concentration could be formulated for each zone of the distribution

system, and adjusted, if necessary to fall under compliance. Methods to increase

degradation or mitigate radon in public water supplies would include: storage

(provide time for decay of mRn); dilution by blending high "Rn waters with low

"Rn waters; aeration of water, by air stripping towers if necessary. Filtration with

granular activated charcoal is effective but usually used on the household scale. In

addition, new wells could be targeted for areas of low 'Rn-containing ground

water. The first two methods mentioned would probably be the most practical and

cost effective since the means to implement them may already exist.

To better understand and determine specific hydrogeologic correlations with

"Rn in ground water of the Tucson area, this study has several recommendations:

1) Obtain additional field measurements of mRn in well waters - specifically in

areas unsampled and left open in this study, such as areas adjacent to the Santa

Cruz 222Rn trend. This would require diligent sampling of private wells and wells
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of smaller water companies.

2) Closely examine well cuttings of the anomalous 'Rn-bearing well waters; and

investigate the existence of an instrument sensitive enough to count gamma radiation

from small vials of well cuttings.

3) If possible, perform water sampling, well packer tests in specific wells. This

would hopefully provide strong evidence as to what geologic stratum or strata are

emanating the higher 222Rn ground waters.

4) Perform laboratory experiments using actual, representative materials of the

sediments of the Tucson area. Emanation rates could be obtained from different

source rock and of different grain sizes. Tests on the effect of compaction and

temperature could be performed.

5) Obtain uranium and radium concentrations of aquifer materials and ground

waters. This would indicate the relative equilibrium between these elements.

6) Perform soil gas tests traversing faults in the Tucson area.

7) A more detailed investigation of the hydrogeochemistry of the basin and its

relationship to 222Rn concentrations may provide useful associations.
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U.S. Environmental Protection Agency
Environmental Monitoring Systems Laboratory-Las Vegas

Quality Assurance Division
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Random Errors
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RADITZ1-226 is a member of the URANIUM-238 decay chain. Ra-225

decays 100% by alpha emission to RADON-222.

Chemical	 Carrier content per gram of solution: 	 Other components:
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APPENDIX B

CALCULATION OF PERCENT DIFFERENCE

Percent Difference = 2 x (a - b) x 100
a + b

where: a = value of first sample ("Rn
concentration)

b = value of second sample ("Rn
concentration)

CALCULATION OF REPRODUCIBILITY

Reproducibility = b x 100
a

where: a = average value of first well visit "Rn
analysis.

b = average value of second well visit "Rn
analysis.

DATA FOR REPEATED ANALYSIS OF A STANDARD SOLUTION

Date Net cpm*pCi/L *cell 3 was used for
11/15	 34.6	 114.5 each analysis.
11/16 46.4 149.6
11/16 32.8 109.2
11/17 41.9 136.2
11/17 29.4 99.0
11/18 37.5 123.1
11/18 37.3 122.5
11/20 37.0 121.6
11/20 41.8 135.9
11/21 50.1 160.6

x = 127.2 std x 100 = 14.6%
Std = 18.62 x
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Sample

Number
Well

Name

WELL

Date
Collected

SAMPLE DATA

Time Radon-222

(pCi/L)

Temp.

(	 C)

Yield

(gpm)

1 FK1 11/17/87 12:52 PM 927 23.1 10
2 TC 07/25/88 10:30 AM 340 26.0 305
3 RIOV 02/23/88 10:59 AM 246 20.0 125
4 RIOS 03/10/8e 09:59 AM 83 16.3
5 UA#79 03/31/88 01:09 PM 251 28.0 230
6 UA#62 03/29/88 01:09 PM 200 29.5 320
7 Z-17 04/19/88 10:57 AM 848 26.7 950
8 C-97 04/19/88 01:00 FM 483 21.5 315
9 Z-13 04/21/88 10:24 AM 872 24.5 275

10 Z-7 04/21/88 11:06 AM 564 22.0 362
11 Z-la 04/26/88 09:52 AM 896 25.8 400
12 Z-2 04/26/88 11:07 AM 671 24.1 325
13 Z-6 04/28/88 11:58 AM 824 24.0 280
14 A-55 04/28/88 12:40 PM 236 20.5 450
15 A-53 05/05/88 12:48 PM 507 21.0 270
16 A-37 05/05/88 01:31	 PM 395 25.6 470
17 A-36 05/10/8e 10:24 AM 217 25.0 275
le A-27b 05/10/88 11:03 AM 170 25.0 850
19 8-57b 05/12/88 10:59 AM 139 25.6 700
20 8-54b 05/12/88 10:26 AM 177 29.0 720
21 A-10 05/17/88 09:49 AM 265 25.8 400

22 8-3b 05/17/88 10:33 AM 234 29.9 330

23 8-44b 05/17/88 11:19 AM 132 26.8 560

24 13-26 05/17/88 11:51	 AM 202 22.9 890

25 B-56 05/19/ee 09:29 AM 128 27.0 275

26 8-50 05/19/88 10:00 AM 177 25.0 205

27 8-48b 05/19/88 10:34 AM 189 24.5 875

28 B-77 05/19/88 06:12 PM 234 22.0 375

29 C-58b 05/23/88 10:14 AM 158 26.1 800

30 D-21 05/23/88 10:54 AM 140 26.2 230

31 C-87 05/23/88 11:41	 AM 384 23.4 220

32 C-25b 05/23/88 01:11	 PM 157 26.7 500

33 A-35 05/24/88 10:08 AM 983 30.0 350

34 B-27 05/24/88 11:05 AM 459 21.3 155

35 C-75b 05/25/88 11:29 AM 411 19.9 830

36 D-46b 05/25/88 12:01 PM 286 21.6 1190

37 D-60 05/25/28 12:40 PM 380 24.9 95

38 C-107 05/25/88 01:27 PM 125 17.4 28
39 E-23b 05/26/88 11:12 AM 425 26.3 740
40 D-65 05/26/88 11:48 AM 345 23.3
41 E-3 05/31/88 11:35 AM 407 26.9 310
42 E-18b 05/31/88 12:06 PM 415 27.0 665
43 E-14 05/31/88 12:45 PM 292 27.0 190
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Sample
Number

Well
Name

WELL SAMPLE
continued

Date	 Time
Collected

DATA

Radon-222

(pCi/L)

Temp.

(	 C)

Yield

(gpm)

44 F-4 05/31/88 02:01 PM 531 26.6 71
45 SS-18 06/01/88 10:36 AM 834 24.0
46 SS-24 06/01/es 11:24 AM 1023 25.8 670

47 SS-12 06/01/88 11:59 AM 667 23.9 450
48 SS-21 06/01/88 01:52 PM 663 23.0 1090
49 C-69 06/09/88 10:45 AM 454 27.2 390

50 E-24 06/09/88 11:17 AM 259 26.2 550
51 E-8 06/09/88 01:49 PM 229 26.1 280
52 D-7 06/09/Be 02:34 PM 298 26.1 160
53 C-3 06/10/88 10:19 AM 218 30.9 280
54 A-3 06/10/Be 10:57 AM 254 28.6 360
55 A-31 06/10/88 11:25 AM 650 29.2 700
56 A-32 06/10/88 11:54 AM 1211 30.2 830
61 C-7 07/07/88 09:50 AM 171 28.0 300
62 C-36 07/07/88 10:21 AM 159 29.6 325
63 B-78 07/07/88 11:13 AM 148 29.9 440
64 B-13 07/07/e8 11:42 AM 211 31.0 800
65 C-30b 07/08/88 09:49 AM 149 28.2 700
66 C-50 07/08/88 10:16 AM 169 27.0 825
67 C-49 07/08/88 10:53 AM 198 25.0 840

68 C-56b 07/08/88 11:20 AM 267 25.0 690
69 C12-b 07/11/88 09:33 AM 159 28.4 400

70 D-23 07/11/8e 10:14 AM 235 2E3.5 315
7 1 D-40 07/11/88 10:42 AM 171 26.2 340
72 D-51 07/11/e8 11:18 AM 389 26.9 300
73 D-48 07/12/88 10:22 AM 365 24.2 330
74 C-85 07/12/88 10:51 AM 304 21.8 205
75 C-76 07/12/88 11:23 AM 282 22.9 365
76 C-83b 07/12/88 11:52 AM 250 21.1 690
77 D-1 07/13/88 09:34 AM 131 27.3 400
78 D-38 07/13/88 10:22 AM 464 25.7 220
79 C-116 07/13/88 10:56 AM 210 25.0 360
80 C-24 07/13/88 11:29 AM 430 22.4 270
85 SC-18 07/15/88 09:41 AM 1404 34.1 380
86 SC-10 07/15/88 10:12 AM 808 24.6 700
e7 SC-16 07/15/88 10:38 AM 977 24.5 290
88 SC-5 07/15/88 11:02 AM 936 23.9 355
e9 SC-3 07/18/88 09:33 AM 879 23.3 740
90 SC-21 07/18/88 10:02 AM 658 28.0 380
91 SC-27 07/18/88 10:47 AM 647 29.3 530
92 SC-33 07/18/88 11:25 AM 672 30.0 525
93 8-83 07/19/88 09:45 AM 1323 28.3 325
94 B-85 07/19/88 10:22 AM 985 26.3 500
95 SC-23 07/19/88 11:54 AM 595 25.0 300



Sample
Number

Well

Name

WELL SAMPLE
continued

Date	 Time
Collected

DATA

Radon-222

(pCi/L)

Temp.

(	 C)

Yield

(gpm)

96 SC-31 07/19/88	 12:22 PM 861 28.9 300

97 Y-1 07/20/88	 09:34 AM 558 25.5 625

99 C-IO2 07/20/88	 10:39 AM 390 28.2 50

99 8-106 07/20/88	 11:07 AM 313 28.0 225

100 MARI 07/21/88	 10:16 AM 712 25.0 160

101 8-10 07/21/88	 11:39 AM 250 28.2 500

102 FW#72 07/28/88	 09 :42 AM 468 25.0 325

103 FW#75 07/28/88	 10:13 AM 1073 29.9 1540

104 Z-5 08/24/88	 03:00 PM 918 24.8 500

105 LHSb 08/25/88	 10:46 AM 850 24.9

106 UAFarm 08/30/88	 12:47 PM 828 22.8 220

107 LHAP 09/02/88	 09:54 AM 1331 26.4

Average: 470 25.7 442

Maximum: 1404 34.1 1540

Minimum: 83 16.3 10

STD 321 3.0 271

Categorized 1000 29.1
concentrations 900 25.4
and average ecio 25.0
temperature: 700 25.0

600 26.8
500 24.0
400 24.3
300 25.2
200 25.7
100 26.0
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Sample
Number

Well
Name

WELL SAMPLE DATA
continued

Radon-222	 Well	 Pump.
Depth	 Depth

(pCi/L)	 (ft.)	 (ft.)

P.Water
Level
(ft.)

Lower
Perf.
(ft.)

91

Upper
Perf.
(ft.)

1 FK1 927 281 215 200
2 TC 340
3 RIOV 246
4 RIOS 83
5 UA#79 251 600 370 175
6 UA#62 200 600 420 178 ---
7 Z-17 848 810 310 224 600 310
e C-97 483 460 440 330 405 405
9 Z-13 872 528 220 132 404 190

10 Z-7 564 507 190 137 355 355
11 Z-la 896 500 200 150 388 209
12 Z-2 671 444 200 143 377 377
13 Z-6 824 506 200 142 357 162
14 A-55 236 415 250 214 276 276
15 A-53 507 820 225 144 465 465
16 A-37 395 500 240 210 322 322
17 A-36 217 503 250 224 323 323
le A-27b 170 490 270 226 326 326
19 B-57b 139 500 315 233 326 325
20 8-54b 177 800 320 260 480 480
21 A-10 265 460 205 192 275 275
22 B-3b 234 905 260 241 540 271
23 8-44b 132 500 250 225 250 250
24 B-26 202 955 290 218 360 360
25 8-56 128 515 300 242 342 342
26 8-50 177 525 220 238 373 373
27 B-48b 189 520 300 239 480 420
28 8-77 234 500 280 222 262 262
29 C-58b 158 950 350 31e 615 400
30 D-21 140 550 395 327 352 352
31 C-87 384 500 300 271 250 250

32 C-25b 157 500 440 432 364 364
33 A-35 983 750 260 247 600 302
34 8-27 459 619 280 210 308 308

35 C-75b 411 817 220 153 370 370
36 D-46b 286 270 200 loe 163 163
37 D-60 380 300 240 149
38 C-107 125 140 18 76 76
39 E-23b 425 805 340 263 538 538
40 D-65 345 eoo 260 221 510 510
41 E-3 407 648 390 348 423 423
42 E- 1eb 415 1000 450 358 575 575
43 E-14 292 855 440 398 590 590



92
WELL SAMPLE DATA

continued

Sample Well Radon-222 Well Pump. P.Water Lower Upper

Number Name Depth Depth Level Perf. Perf.
(pCi/L) (ft.) (ft.) (ft.) (ft.) (ft.)

44 F-4 531 425 378 274
45 85-1e 834 202 160 99 91 91
46 95-24 1023 328 180 150 196 196
47 95-12 667 207 180 128 121 121
48 95-21 663 346 260 168 210 210
49 C-69 454 700 250 215 420 420
50 E-24 259 955 380 255 640 360
51 E-8 229 1010 450 394
52 D-7 298 735 410 367 399 399
53 C-3 218 735 300 260 505 505
54 A-3 254 400 290 233 227 227
55 A-31 650 840 280 224 330 330
56 A-32 1211 675 260 249 403 403
61 C-7 171 785 360 318 605 605
62 C-36 159 1005 380 339 520 520
63 8-78 148 500 310 257 330 330
64 8-13 211 986 330 298 535 285
65 C-30b 149 1000 370 310 455 455
66 C-50 169 1000 340 315 440 440
67 C-49 198 1007 340 284 490 320
68 C-56b 267 1005 370 329 545 315
69 C12-b 159 987 410 357 530 530
70 D-23 235 1025 475 390 637 637
71 D-40 171 620 460 383 419 419
72 D-51 389 450 300 267 318 318
73 D-48 365 602 250 192 475 475
74 C-85 304 545 leo 126 445 445
75 C-76 282 500 200 141 409 409
76 C-83b 250 650 398 117 390 325
77 D-1 131 700 420 375 578 578
78 D-38 464 510 340 303 382 382
79 C-116 210 397 224 146 244 244
Eio 0-24 430 581 275 240 346 346
85 SC-18 1404 1000 340 249 543 543
86 90-10 808 556 190 125 526 154
87 SC-16 977 865 290 243 690 310
88 SC-5 936 575 240 180 563 262
89 90-3 879 590 280 163 475 233
90 SC-21 658 600 370 303 373 373
91 SC-27 647 813 440 332
92 50-33 672 885 360 326 750 430
93 8-83 1323 530 200 169 162 162
94 8-85 985 515 220 146 428 222
95 SC-23 595 600 280 228 377 377



93

WELL SAMPLE DATA
continued

Sample	 Well Radon-222 Well Pump. P.Water Lower Upper
Number	 Name Depth Depth Level Perf. Perf.

(pCi/L) (ft.) (ft.) (ft.) (ft.) (ft.)

96	 SC-31 861 855 350 299 604 349

97	 Y-1 558 316 190 113 168 168

98	 C-102 390 750 440 412 402 402

99	 8-106 313 646 400 354

100	 MARI 712 376

101	 B-10 250 390 290 258 245 245

102	 FW#72 468 515 184 225 302 302

103	 FW#75 1073 707 400 270 411 411

104 	2-5 918 626 240 163 ---

105	 LHSb 850 82

106	 UAFarm 828 300 140 140

107	 LHAb 1331 300 138

Average: 470 621 302 237

Maximum: 1404 1025 475 432

Minimum: 83 140 160 18

.STD	 . 321 225 83 85

Categorized 1000 586

contentrations 900 602

and average 800 513

depth: 700 376
600 591
500 534
400 666
300 566
200 675
100 680
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Sample
Number

Date
Collected

DOMESTIC

Radon-222
(pCi/L)

WATER SAMPLE

Sample
Number

DATA

Date
Collected

Radon-222
(pCi/L)

10 11/1-1/P7 82 51 02/04/88 264
11 11/13/97 69 52 02/04/88 157

12 11/15/87 234 53 02/09/88 174

13 11/15/87 322 54 02/09/88 134

14 11/16/87 77 55 02/11/88 197

15 11/16/87 196 56 02/11/88 180

16 11/17/87 734 57 02/12/8e 123

17 11/19/87 205 58 02/12/88 164

le 11/18/87 104 59 02/12/88 161

19 11/20/87 89 60 02/13/88 206

20 11/22/87 72 61 02/16/88 279

21 11/22/87 373 62 02/18/88 344

22 11/23/87 99 63 02/18/88 287

23 11/25/87 256 64 02/18/88 143

24 11/25/87 135 65 02/23/88 156

25 12/04/87 113 66 02/24/88 348

26 12/04/87 202 67 02/25/88 301
27 12/08/B7 371 68 02/26/ee 637

28 12/12/87 495 69 02/26/88 346

29 12/14/87 578 70 02/26/88 147

30 12/14/87 629 71 03/01/88 154

31 12/14/87 252 72 03/01/88 648

32 12/14/87 1.99 73 03/01/88 113

33 12/18/87 579 74 03/03/88 163

34 12/18/87 164 75 03/03/88 151

35 12/18/87 408 76 03/03/88 318

36 01/19/88 385 77 03/08/88 175

37 01/19/98 73 78 03/08/88 97

38 01/21/88 198 79 03/10/88 340

39 01/21/8e 306 80 03/10/88 283

40 01/22/88 784 04/07/88 67

41 01/22/8e 71 82 04/12/88 202

42 01/22/B8 eoe 83 04/14/88 399

43 01/23/88 153 84 04/12/88 692

44 01/28/88 351 85 05/12/88 1031

45 01/28/88 480 86 05/19/8e 1259

46 01/28/88 452 87 05/20/88 97e

47 02/02/88 300 88 05/26/88 444

4e 02/02/88 170 89 05/26/88 325

49 02/02/88 451 90 06/02/88 1253

50 02/04/88 152

Average: 234 Minimum: 67
Maximum: 1263 STD: 237
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