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ABSTRACT 

The Puerco River of Arizona and New Mexico is an ephemeral 

stream that received effluent from uranium-mine dewatering operations 

from the 1950's until 1962 and from 1968 until mining ceased in 

February, 1986. Flow and water-quality relations between the Puerco 

River and the alluvial aquifer underlying it were investigated at a 

site near Chambers. Data collection included installing and sampling 

nine monitor wells and two drivepoints; monitoring stage and sampling 

surface water; and slug testing wells. Data indicate that the stream 

recharges the alluvial aquifer during periods of flow and that the 

streambed is a location of ground-water discharge by evapotranspiration 

during periods of no flow and that discharge by evapotranspiration may 

exceed recharge, thus reducing the potential for contaminant movement 

away from the river by advective transport. Geochemical modeling 

indicates that uranium minerals are undersaturated. A +0.84 

correlation was calculated relating dissolved uranium concentration to 

depth in monitor wells suggesting the stream is a source of uranium to 

the alluvial aquifer. However, all ground-water samples met the U.S. 

Environmental Protection Agencies Maximum Contaminant Levels for gross 

alpha, gross beta, and radium and the recommended limit for uranium. 
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INTRODUCTION 

The Puerco River, in the southeastern part of the Colorado 

2 Plateau (figure 1), drains about 3,000 mi over its 140-mile length. 

The headwaters of the Puerco River are in northwestern New Mexico, west 

of the Continental Divide, and east of the Chuska Mountains of 

northeastern Arizona and northwestern New Mexico. The Puerco River is 

an ephemeral stream, characterized by long dry periods, particularily 

in the southwest extremity. Most runoff occurrs in response to spring 

snowmelt and to brief, intense summer thunderstorms. Since the 1950's, 

flow in some reaches of the river has changed from ephemeral to 

perennial as a result of effluent discharges from uranium mines and 

from the sewage-treatment plant at Gallup, New Mexico (Gallaher and 

Cary, 1986; Perkins and Goad, 1980). 

The alluvial aquifer beneath the streambed of the Puerco 

River consists of interbedded gravel, sand, silt, and clay (Mann and 

Nemecek, 1983). From the Arizona-New Mexico border to downstream of 

Chambers, Arizona, the lateral extent of the alluvial aquifer from the 

Puerco River varies from less than 10 feet (ft) at a bedrock anticline 

about 5 miles upstream of Sanders, Arizona to about 2 miles from 1 to 3 

miles downstream of Sanders. The thickness of the aquifer is not well 

known, but monitor wells drilled at 4 sites, of which the Chambers 

study site described in this report is one, encountered bedrock at 59, 

75, 102, and 140 ft. A monitor well drilled at a fifth site did not 

encounter bedrock to a depth of 193 ft. 

Radionuclides in Water 

Radionuclides of natural origin and those released by mining 

activities are derived from the natural radioactive decay of uranium. 

Natural radionuclides undergo spontaneous transformations in their 

nuclei that cause the emission of alpha and beta particles and to a 

lesser extent, gamma rays (Faure, 1977). The amount of radioactivity 
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produced can be measured either as total or gross alpha and beta 

activity or as total decay for each element. Three decay series occur 

in nature (Aswathanarayana, 1986); the dominant decay series for 
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Radionuclide activities that are measured from radioactive 

decay are expressed in picocuries per liter (pCi/L). The relation 

between the concentration of the radionuclide, in micrograms per liter, 

and the activity of the radionuclide, in picocuries per liter, for any 

radionuclide is calculated from (Webb, 1987) 

C - 10"19,05(W)(T)(D), (1) 

where 

C = Concentration, in micrograms per liter; 

W - Atomic weight; 

T - Half life, in seconds; and 

D - Activity, in picocuries per liter. 

Equation (1) indicates that radionuclides with short half lives produce 

greater amounts of activity than radionuclides with long half lives for 

the same concentration. 

The maximum contaminant levels applicable to the Puerco River 

basin in Arizona are based on regulations of the State of Arizona and 

the U.S. Environmental Projection Agency (EPA). The amount of radium-

226 in water supplies forms a basis for monitoring natural 

radionuclides in drinking-water supplies in the United States. On the 

basis of radiotoxicity, the EPA primary maximum contaminant level (MCL) 

is 5.0 pCi/L for total radium-226 plus radium-228. The MCL for gross 

alpha minus uranium and radon activity is 15 pCi/L, and the MCL for 

total gross-beta activity is 50 pCi/L. A MCL has not been set for 

uranium in drinking water. On the basis of chemical toxicity, the 

recommended limit for uranium is 0.035 milligrams per liter (mg/L; 

Lappenbusch and Cothern, 1985). State of Arizona (1977) regulations 

also require that if the identity or concentrations of any radionuclide 

in a mixture of radionuclides in water is unknown, the limiting value 

for the regulation is 30 pCi/L of gross-alpha plus gross-beta activity. 
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History of Mining 

Beginning in the 1950's uranium was mined near the headwaters 

of the Puerco River on Pipeline Arroyo, a small drainage about 20 miles 

northeast of Gallup, New Mexico. From the late 1950's to 1962 and from 

1967 to 1986, streamflow in the Puerco River became perennial from the 

mouth of Pipeline Arroyo to as far as a few miles downstream from 

Chambers, Arizona (Shuey, 1986). The source of the perennial 

streamflow was effluent from dewatering activities associated with the 

uranium mines on Pipeline Arroyo. Effluent discharged from the sewage-

treatment plant in Gallup also contributed to perennial flow. 

Uranium mine shafts averaged 1600 feet in depth and were 

located primarily in the Westwater Canyon Member of the Morrison 

Formation. Because the uranium ore bodies are below the regional water 

table, water seeped into the shafts and had to be pumped to prevent 

flooding. Daily discharge rates from mine dewatering pumpage averaged 

about 9 cfs between 1967 and 1986 (Gallaher and Cary, 1986). 

Before 1975, untreated effluent from dewatering operations 

discharged directly to Pipeline Arroyo. Beginning in the mid-1970's 

the quality of minewaters discharged to watercourses was improved to 

comply with limitations specified by the federal National Pollution 

Discharge Elimination System (NPDES) permits. During treatment a 

flocculant and barium chloride were added to reduce suspended solids 

concentrations and to coprecipitate radium. Dissolved uranium 

concentrations were reduced by a separate ion-exchange treatment 

(Perkins and Goad, 1980). The effect of treatment is illustrated by 

data summarized in Gallaher and Cary (1986) in table 1. Implementation 

of effluent treatment systems occurred over a three year period from 

1975 to 1978. Mining and mine dewatering ceased in February, 1986. 
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Table 1-Comparison of Quality of Mine Effluent in 1975 and 1981-82 

(From Gallaher and Cary, 1986). Samples are total concentrations and 

number of samples is shown in parentheses. 

Constituent Flow-Weighted Means 

1975 1981-82 

Total Radium-226 (pCi/L) 71.2 (23) 10.5 (15) 

Total Uranium-natural (mg/L) 7.25 (23) 1.0 (14) 

On June 16, 1979, a tailings pond dike failed at the United 

Nuclear Corporation uranium mill on Pipeline Arroyo. An estimated 94-

million gallons of uranium mine tailings liquid was released to the 

Puerco River (Weimer and others, 1981). The liquid contained an 

estimated 18,000 tons of suspended sediment in addition to 1,100 tons 

of tailings eroded from the bottom of the tailings pond (Webb, 1987). 

A sample of tailings liquor taken from the tailings pond prior to the 

spill had activities of 210 pCi/L of radium-226 and 10,225 pCi/L of 

thorium-230. The pH of the liquor was 1.9 and the concentration of 

uranium was about 4 mg/L (Weimer and others, 1981). 

Purpose and Scope 

The purpose of this report is to present the results of a 

site-specific study of flow and water-quality relations between surface 

water and ground water in the Puerco River basin near Chambers, 

Arizona. The objective of the investigations at Chambers was to 

evaluate the flow and water-quality relations between the Puerco River 

and the alluvial aquifer underlying it. The principal benefit of this 

evaluation would be an assessment of the suitability of water in the 

alluvial and adjacent aquifers for use by humans or animals. Of 

particular concern was the potential impact of mining operations on 

ground-water quality. This study was part of a larger, 5-year study of 
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the occurrence and movement of radionuclides in the Puerco and lower 

Little Colorado River basins begun in 1988 by the U.S. Geological 

Survey. 

The U.S. Geological Survey study was initiated in response to 

concern about the quality of water resources in the basin, 

particularily in the Navajo Trust Lands, commonly referred to as the 

New Lands area near Sanders and Chambers, Arizona (figure 1). In 1980, 

an amendment to the Relocation Act (Public Law 93-531) permitted the 

addition of about 400,000 acres of land to the Navajo Reservation in 

Arizona and New Mexico. The land is being used by the Navajo people 

who are relocating from the former Navajo and Hopi Joint Use Area, 

which is now part of the Hopi Reservation (Paul Tessler, Legal Counsel 

for the Navajo and Hopi Indian Relocation Commission, oral commun., 

1989), The Navajo and Hopi Indian Relocation Commission, the States of 

Arizona and New Mexico, and the U.S. Geological Survey are funding the 

5-year study. 

SELECTION OF THE CHAMBERS STUDY SITE 

The U.S. Geological Survey has operated a stream gaging 

station about 2-miles downstream of Chambers, Arizona since 1973 

(figure 3). Because the channel is shifting sand at the gage, only 

flows above 500 cubic feet per second (cfs) were computed. 

Radionuclides and trace elements have been monitored sporadically in 

the Puerco River at Chambers since 1979 (Webb and others, 1987). Total 

gross alpha activities have fluctuated between 12 pCi/L at low flow and 

11,200 pCi/L immediately after the tailings spill in 1979. 

In 1989 a new stream gage, equiped with an automated sampling 

system and a rain gage, was installed about one-half mile upstream of 

the existing gage (figure 3) as part of the surface-water data-

collection network of the U.S. Geological Survey's 5-year study. The 

new gage is approximately 100 feet upstream of a waterfall dropping 6 
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to 8 ft over an outcrop of the Chinle Formation, providing a stable 

control. The Chambers stream gage is approximately at the center of 

the part of the New Lands area adjacent to the Puerco River. Because 

the Chambers site is in an area of principal interest to agencies 

funding these studies, has a longterm surface-water record, has a new 

stream gage equiped with an automated sampler, and has a suitable site 

for ground-water investigations, it was chosen for detailed 

investigations of ground-water surface-water relations and alluvial 

ground-water flow and quality. 

CDP-4, 
—/CDP-1.CDP-3 \ 

"• CW-1.CW-2.CW-3 
OLCKGAGE 

CW-H.CW-5.CW -) • CW-7.CW-8.CW-9 

EXPLANATION 

GAGING STATION 

• WELL OR DRIVE POINT 

APPROXIMATELY 0.25 MILE 

Figure 3-Locations o wells, drivepoints, and stream gages at 

Chambers study site near Chambers, Arizona. 
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DATA COLLECTION AT THE CHAMBERS STUDY SITE 

Data that were considered necessary to meet the objective of 

this study include: 

1. A three-dimensional description of the alluvial geology, 

particularily the occurrence of sands and clays. 

2. Stage and water- and sediment-quality data from the 

stream. 

3. Ground-water level and water- and alluvial sediment-

quality data for the alluvial aquifer. 

These data were used to develop a conceptual model of water 

flow in the alluvial aquifer and between the alluvial aquifer and the 

stream. Mater-quality data were used to evaluate water-quality 

relations between the stream and ground-water and geochemical modeling 

was used to evaluate iron and uranium geochemistry. 

Water Quality Sampling Procedures 

Water-quality samples were collected using standard U.S. 

Geological Survey techniques (Wood, 1976). Representative samples of 

ground water were collected using a 1.75-in diameter electric 

submersible pump at wells and a peristaltic pump at drivepoints. 

Temperature, pH, specific conductance, dissolved oxygen, and oxidation 

reduction potential (Eh) were monitored using a Hydrolab equipped with 

a flow-through chamber and were allowed to stabilize prior to sampling 

Eh was measured using a platinum electrode and a calomel reference 

electrode. Eh is given in volts, with the potential of the hydrogen 

electrode, representing the reduction of H+ ions to H gas, 

2H+ + 2e" - H2(g) 

taken as zero (Hem, 1985). 
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Each ground-water sample was then split into subsamples at 

the well or drivepoint. Subsamples for analysis of major anions such 

as sulfate and chloride were filtered through a membrane with a 0.45-

micron effective diameter pore size. A second subsample for cation 

analysis was filtered and acidified with nitric acid to pH of less than 

2. Subsamples for trace elements such as arsenic and cadmium were 

filtered through a 0.45-micron filter membrane and acidified with 

nitric acid to pH of less than 2. Subsamples for dissolved organic 

carbon were filtered through a 0.45-micron silver filter, placed in 
o 

amber glass bottles, and chilled to 4 C. Subsamples for nutrients such 

as nitrogen and phosphorus were split, only half were filtered through 

the 0.45-micron filter. Both samples were then treated with mercuric-
o 

chloride and chilled to 4 C. Subsamples for gross-alpha and gross-beta 

were neither filtered nor acidified in the field, but were resuspended 

and filtered in the laboratory about one-month after the date of 

collection and analyzed for both dissolved and suspended gross-alpha 

and gross-beta activity. Subsamples for selected radionuclides such as 

uranium-238 and radium-226 were filtered through a 0.45-micron filter 

and acidified with hydrochloric acid to pH of less than 2. All 

analytical results for filtered samples represent the dissolved 

concentration of the constituent. Radionuclide analyses were performed 

by U.S. Testing, Denver, Colorado; all other analyses were performed by 

the U.S. Geological Survey, Arvada, Colorado. 

Solid-phase samples were collected, using plastic containers, 

from the strearabed during drivepoint sampling and from well cores 

during drilling. Samples were mixed then split. Subsamples for grain 

size distribution were analyzed using a wet sieve method at the U.S. 

Geological Survey office in Tucson, Arizona. Subsamples for 

radionuclides were analyzed by the state of New Mexico, Health and 

Environment Department, Scientific Laboratory Division. Prior to the 

analyses, the state of New Mexico radiochemical laboratory was visited 

and approved for these analyses by personnel with the U.S. Geological 

Survey in Arvada, Colorado (Ann Mullin, oral communication, 1988). 
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Surface-water Data Collection 

Stage, water-quality, and sediment-quality data from the 

stream near the Chambers study site were necessary to meet the 

objectives stated above. The stream gage installed in 1989 provided 

these data. The gage was instrumented with a satellite transmitter, 

stage and water-temperature sensors, a rain gage, an auxiliary booster 

pump, and a Manning automated sampler. Manual samples were collected 

in 1988 and 1989 and automated samples were collected at the Chambers 

gage in 1989. 

Drivenoint Sampling 

Drivepoints are small diameter, driven wells used for 

sampling at relatively shallow depths in unconsolidated sediments. 

Field reconnaissance and water-level measurements in drivepoints from 

June, 1988 through January, 1990, at the Chambers site indicated the 

water table was less-than 3 ft below the streambed, even after periods 

of norflow in the stream lasting several months. Streambed sediments 

consist mostly of fine sands with some clay. Drivepoints were used to 

measure water levels and collect water-samples approximately 3 ft and 

15 ft below the streambed. Water levels were measured using a steel 

tape. Water samples were collected by the methods described above. 

Solid-phase samples were collected near the screened opening of the 

drivepoint approximately 3 ft below the streambed by digging down to 

that depth following water sampling and scooping a sample using a 

plastic container. 

Monitor Well Installation and Sampling 

Nine monitor wells were drilled at the Chambers site in 

September, 1988. Wells are arranged in a triangular pattern with 3 

wells at each corner (figure 3). A stylized view of the locations of 

monitor wells in relation to the alluvial aquifer is presented in 

figure 4. Each cluster of three wells consists of a well completed at 
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the water-table, in the middle of the alluvium, and at the bottom of 

the alluvium. One of the deep wells, identified as CW-1, is completed 

in the top of the Petrified Forest Member of the Chinle Formation which 

underlies the alluvial aquifer at the site. 

SOUTH 

CW- 9:? aw—e 

100 FT ; ; cw-

:: CW—"7 
CW—3 :: C W —4-

:: CW —2 

CW —1 

Figure 4.--Stylized view o£ well locations at Chambers. 
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All wells were drilled using a hollow stem auger with an 

outside diameter of 5 inches and no drilling fluids were used. All 

wells are 2 inch diameter polyvinyl chloride (PVC) pipe with 5 ft 

screened intervals at the six wells below, the water table and 10 ft 

screened intervals at the water-table wells, CW-3, CW-6, and CW-9. 

Interbedded clay and sand layers were encountered from about 10 ft 

depth to about 30 ft depth in all nine wells and again below about 80 

ft in the deep wells. Fine to medium-fine silty-sands that flowed into 

the boreholes and up the inside of the augers were encountered from 

about 30 ft to about 80 ft. Those "flowing sands" resulted in the 

natural collapse of aquifer material around the PVC wells during 

installations up to about 20 ft depth in the near-stream wells and up 

to about 35 ft in the wells set back from the stream. In the water-

table wells a silica sand pack was installed from the top of the zone 

of natural collapse to about 3 ft above the top of the screen. A 

bentonite plug was then installed and the holes were grouted to the 

surface. In the deeper wells a bentonite plug was installed above the 

zone of natural collapse and the holes were grouted to the surface. 

The most convincing evidence that water is not migrating 

vertically along the unscreened portions of the PVC pipes in the 

boreholes is differences in chemical quality of waters sampled from 

wells. An example of those differences is provided by sampling results 

at CW-1 compared with CW-2 and CW-4. CW-1 is the deepest of one of the 

near-stream well clusters (figure 4) and is the only well at the site 

completed in the Petrified Forest Member of the Chinle Formation. It 

had the smallest hydraulic conductivity, K, based on slug tests (as 

described in the following section), of any well tested at the site. 

The Petrified Forest Member of the Chinle Formation consists mostly of 

clay and shale with layers of interbedded sandstone. The well screen 

is below a clayey zone of several feet thickness at the boundary 

between the alluvial aquifer and the Chinle Formation and the head 

gradient between CW-1 and CW-2, completed about 40 ft above, is 

downward. Water samples from all nine wells were analyzed for tritium 

(as described in the section "Water quality relations between surface 
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water and ground water"). Water from CW-1 had less than 1 tritium unit 

(TU) indicating the water entered the ground-water system prior to 

1952. In contrast, all 8 alluvial wells had measurable amounts of 

tritium with 24 TU in CW-2 and 38 TU in CW-4. This indicates that 

alluvial water did not reach the screened opening of CW-1 during 

drilling and subsequent sampling, even though the gradient was downward 

and the hydraulic conductivity adjacent to the screened portion of CW-1 

is relatively lower. 

When possible, well core was collected and logged during 

drilling. Selected core samples were analyzed for grain size 

distribution and radionuclides. The deepest well at each three-well 

cluster was geophysically logged. Geophysical logs included neutron, 

natural gamma, and gamma-gamma. Water levels were measured 

approximately monthly at all nine wells using a steel tape and water-

level recorders were installed on four wells, CW-2, CW-3, CW-6, and CW-

9. Water-quality samples were collected at all 9 wells in December 

1988 using a 1.75" stainless steel submersible pump at a flow rate of 

approximately 0.5 gallons per minute (gpm). Water samples were 

collected and analyzed as described above. 

Estimation of Hydraulic Conductivity Using Slug Tests 

Hydraulic conductivity, K, was estimated at six of the 

monitor wells using slug tests. The six wells tested were CW-1, CW-2, 

CW-3, CW-5, CW-6, and CW-9. CW-4 was not tested because it was assumed 

the water level would respond too rapidly to allow the assumption of 

instantanous slug input using the method devised. That assumption was 

based on a comparison of maximum water yields measured during well 

development for CW-4, the largest yielding well at the site at 20 gpm, 

and CW-2, the next largest yielding well at about 7 gpm, and the rapid 

water-level response observed when slug testing CW-2. CW-7 and CW-8 

were not tested due to instrumentation difficulties resulting from the 

relatively greater distance to water. Attempts may be made to test 

these wells in the future. 
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Slug tests were performed using the recorder well 

instrumentation previously installed at four wells. The 

instrumentation consists of a Druck pressure transducer mounted on the 

end of a 1.25 inch PVC pipe and connected to a Campbell data logger and 

a storage module. The 1.25 inch pipe has an outside diameter of 1.66 

inch which fills over half the volume of the 2 inch wells to the depth 

it extends. The 1.25 inch pipe is sealed to prevent water from 

entering and extends from above land surface to about 6 ft below static 

water level in the instrumented wells. 

To perform the tests, first the program controlling data 

collection in the data logger was modified to record submergence 

(pressure converted to feet of water) on a 1 second time interval. A 

rigid pipe about 30 inches long was mounted beside the well. The 1.25 

inch pipe with the pressure transducer was then quickly lifted to the 

level of the rigid pipe and clamped. The distance the pipe was moved 

was measured. That distance, the outside diameter of the 1,25 inch 

pipe, and the inside diameter of the 2 inch pipe were used to calculate 

the new submergence depth expected at equilibrium and the theoretical 

rise or fall in water level, y^, expected at time zero, t^. When 

lifting the pipe, a "bail" test was being performed; when pushing the 

pipe back down, a slug test was being performed. From one to four 

tests were conducted on each well depending on response time. 

Slug test data were analyzed using the technique presented by 

Bouwer and Rice (1976). The technique is applicable to completely or 

partially penetrating wells in unconfined aquifers. The theory 

underlying the technique is presented in Bouwer and Rice (1976). Only 

equations used in applying the technrque are presented here. 

Geometry and symbols of a well in an unconfined aquifer are 

shown in figure 5. Refering to figure 5, L is the height of the 

portion of well through which water enters, H is the head in the 

aquifer, D is the saturated thickness of the aquifer above a lower 



23 

impermeable boundary, rc is Che radius of the portion of the well where 

water level change occurs, rw is the radial distance between the 

undisturbed aquifer and the well center, and y is the vertical distance 

between water level in the well and equilibrium water table in the 

aquifer. The terms L, H, D, r , r , and y are expressed in units of 

length. 

2r« MJ 

TABLE 

777 
IMPERMEABLE 

Figure 5.--Geometry and symbols of a partially penetrating well 

in a water-table aquifer. 

Bouwer and Rice used an electrical analog model with various 

well and aquifer geometries to develop curves for three coefficients as 

a function of Wrw (figure 6). Coefficients A, B, and, for the case 

where D - H, C, are diraensionless coefficients determined graphically 
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from figure 6 and used to calculate ln(Re/rw) by the equation (equation 

8 in Bouwer and Rice (1976)) 

j" 1.1 A + Bln[(D - H)/rw] "| 

ln(Re/rw) - ] + I (2) 

|_ln(H/rw) L/rw _| 

where Re is the effective radius, or the equivalent radial distance, 

over which the head loss y is dissipated in the flow system. 
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Figure 6.--Graph showing coefficients for slug test analysis, 
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The relation between time and residual drawdown y, measured 

during the slug tests is also used in the analyses. Figures 7 and 8 

show plots of y versus time for the six wells tested. The slope of the 

straight-line portion of each plot is of interest. Extending that 

slope to the y-axis yields a graphical estimate of y^. Values of t and 

y are arbitrarily selected from the straight-line portion of each plot. 

Those values, the graphical estimate of yg, and the value of ln(Re/rw) 

calculated from equation 2 are used to calculate K by the equation 

(equation 5 in Bouwer and Rice (1976)) 

rc 1 y0 

K - _ In (3) 
2L t yt 
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Figure 7.--Residual drawdown versus time for slug texts on wells 

CW-1, Ctf-3, CW-6, and CW-9. 
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Figure 8.--Residual drawdown versus time for slug tests on wells 

CW-2 and CW-5. 

For the six monitor wells tested, L was equal to the length of the 

screened opening, D was the difference between the alluvial water table 

and the top of the underlying Chinle Formation, rc was the effective 

radius of a pipe of equal cross secfonal area to the difference between 

the area of a 2 inch diameter circle (the well bore) minus the area of 

a 1.66 inch diameter circle (the outside diameter of the 1.25 inch 

pipe) and was equal to 1.21 inches. The parameter r^ was estimated as 

0.1 ft, only slightly larger than the radius of the 2 inch diameter 

well casing, on the assumption that the collapsed material that filled 
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the boreholes would have a similar K to undisturbed material outside 

the boreholes. To determine the sensitivity of the calculation of K to 

the choice of r . K of well CW-6 was calculated with r equal to 0.1 ft 
w' w 

and to 0.21 ft. A radius of 0.21 ft is equivalent to a 5 inch diameter 

hole, the outside diameter of the augers. The effect of increasing rw 

by 2.1 times was to reduce calculated K by about 18 percent. Values of 

K calculated from slug test data presented in figures 7 and 8 and 

equations 2 and 3 are listed in table 2. 

Table 2.--Slug test results for six wells at Chambers. 

Well L/rw yQ y t ln(Re/r)w K, ft/day 

CW-1 50 4.8 0.9 1,000 3.77 0.14 
CW-2 50 1.6 0.1 12 3.30 16 
CW-3 100 2.3 0.2 25 3.06 3.9 
CW-5 50 3.5 0.62 50 3.30 2.4 
CW-6 100 1.8 0.28 25 3.06 3.0 
CW-9 100 1.0 0.1 6 3.06 15 

Well CW-1 is completed in the Chinle Formation and has the 

lowest K. The other five wells are completed in the alluvial aquifer 

and have a median K of 3.9- ft/day and a mean K of 8 ft/day. These 

values compare well with literature estimates of K for sands (Freeze 

and Cherry, 1980). 
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FLOW RELATIONS BETWEEN SURFACE WATER AND GROUND WATER 

On September 5, 1989, thunderstorms in the upper Puerco River 

basin caused a runoff event in the Puerco River at the Chambers site. 

Peak stage at the Chambers stream gage upstream of the waterfall was 

0.97 ft above datum corresponding to a discharge of about 280 cfs. 

Figure 9 shows stream stage and water-level response in the three 

water-table wells at Chambers. The rapid water-level response in the 

wells and the small time-difference between the response in the near-

stream wells (CW-3 and CW-6) and the response in the well 400 ft from 

the stream (CW-9) suggests a confined or semi-confined aquifer response 

to the rise in stream stage. Table 3 contains a listing of the 

geologists log compiled during drilling of well CW-1, which is similar 

to logs of the other eight wells at Chambers. Interbedded sand and 

clay layers were encountered from above the saturated zone to about 30 

ft depth. Those clay layers probably act as confining layers during 

rapid water-level changes associated with rises in stream stage and 

result in delayed yield of water to and from storage. 
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Table 3-Geologist log of well CW-1. 

[Entries indicating clay are in bold face type] 

Thickness Bottom of Depth 
Interval 

Description (ft) (ft) 

silty sand; fine, light brown 3.3 3.3 
sand; coarser 0.5 3.8 
sand; medium to coarse with clay layer 0.4 4.2 
sand; coarse 0.8 5.0 
silty sand; fine 2.0 7.0 
silty clay; dark red 1.5 8.5 
sand; medium to coarse 0.5 9.0 
silty clay; dark red 5.0 14.0 
silty sand; fine 0.2 14.2 
clay 0.8 15.0 
silty sand; fine 0.2 15.2 
clay 0.8 16.0 
sandy silt 1.0 17.0 
clay silt 2.0 19.0 
sand; fine 2.0 21.0 
sandy clay 1.0 22.0 
no returns 0.4 22.4 
clay; red 1.3 23.7 
sand; light red 1.3 25.0 
clay; tan 1.0 26.0 
sand layer 3.0 29.0 
clay layer 0.5 29.5 
sand layer 11.5 41.0 
clayey sand; medium to coarse 1.5 42.5 
sand; fine, tan 1.5 44.0 
no returns 26.5 70.5 
silty sand; muddy 10.0 80.5 
no return 2.0 82.5 
silt 2.5 85.0 
silty sand; clay layers 9.5 94.5 
no return 6.0 100.5 
clay; gravel in middle zone; purple 4.0 104.5 

— 
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PUERCO RIVER 

5 5 7 8 9 10 11 

September 1989, in days 

Figure 9.--Stream stage and water levels in wells at Chambers. 

Analysis of Aquifer Response Using a Numerical Model 

A transient-flow model was used to simulate head changes in 

the aquifer caused by changes in river stage. The computer model used 

was a three-dimensional finite-difference ground-water flow model 

developed by McDonald and Harbaugh (-1988). The objectives in applying 

the model were to estimate storage properties of the aquifer and to 

evaluate the nature of the aquifer response to change in stream stage 

as confined, unconfined, or delayed yield where the effective storage 

properties of the aquifer are a function of time and change in head. 
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The partial differential equation describing transient three-

dimensional ground-water flow in an aquifer can be written as 

aK ah aK ah ait ah ah xx yy zz 
+ + - Ss_ (4) 

2 2 2 ax* 3y 3z at 

where x, y, and z are mutually orthogonal coordinates oriented parallel 

to principal axes of the K tensor, h is hydraulic head, Sg is specific 

storage, and t is time. 

Several simplifying assumptions were made in applying this 

equation. The first was that head changes in the aquifer shown in 

figure 9 could be modeled one dimensionally with that dimension 

oriented normal to the direction of the river. That assumption implies 

that changes in flow components in the y and z directions are small 

enough to be neglected relative to changes in the flow component in the 

x direction during the time period modeled. The second assumption was 

that K was constant in the x direction and was equal to the median K 

value calculated from slug testing of the 5 alluvial wells. Based on 

this assumption, K was not varied during calibration of the model. The 

third assumption was that the water table could be represented as being 

horizontal and at fixed elevation. This assumption was made because it 

numerically simplifies the problem by linearizing it and because the 

water table is located within clay layers. The horizontal movement of 

water will dominantly occur within the sand lenses and, therefore, a 

change in stage should not greatly affect horizontal transmissivity 

(T), the product of K and the saturated thickness of the aquifer, 

because the thickness of saturated sands should stay relatively 

constant. 
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Figure 10. --Model grid and simplified lithology at Chambers. 

A model grid consisting of 1 layer, 1 row, and 36 columns was 

developed. The model grid, superimposed on a cross sectional 

interpretation of lithology at Chambers is shown on figure 10. The 

thickness of the model blocks (vertical dimension equal 18 feet) is 

based on the saturated thickness of -alluvium at the shallow wells above 

clay layering encountered at about 30 feet below land surface in the 

near stream wells. Approximately half of that 18 ft zone is clay and 

half is sand, based on well logs. Horizontal transmissivity was 

calculated as the thickness of saturated sands, 9 ft, times the median 

2 slug test value of K, 4 ft/day, yielding a value of 36 ft /day. That 

value was held constant during model calibration. The vertical and the 
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bottom boundaries were treated as no-flow boundaries. The part of the 

upper boundary representing the river was treated as a specified-head 

boundary at which h varied as a function of time to approximate 

observed changes in river stage with time. For the rest of the upper 

boundary a function was needed to describe the flux going into or out 

of storage due to saturation or desaturation at the water table. It 

was assumed, based on the lithology of the alluvial aquifer and the 

shape, magnitude, and timing of the well hydrographs shown in figure 9, 

that that function would have to account for delayed yield. 

A numerical procedure proposed by Cooley (1972) and adapted 

to the finite-difference program by Leake (Loeltz and Leake, 1983; 

Leake, written commun., 1990) was used to simulate the effects of 

delayed yield. The procedure involves an aquifer overlain by a poorly 

permeable confining layer with a thickness (m), a vertical hydraulic 

conductivity (K^.), and a specific yield (Sy) • The solution for the 

effects of delayed yield at a point on the aquifer surface for time 

step n in a transient simulation was given as 

vd(n> - X'<"> . *<">, (5) 

where 

v n̂̂  - the volumetric rate of flow stored or released from 

water-table storage per unit aquifer-surface area, 

x'(n) — the numerically explicit component of the rate, and 

x - the numerically implicit component of the rate. 

These components are given as 

x,Cn> . <n-l). Ah*1"1' . e-«4t 
y— 

At 

(n-1) 
) ]  ( 6 )  
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and 

x(n) . s Ah(n)(1 . e-«4t<n) j (?) 

where 

y— 
At 

« - Kv/<Sym>' 

t̂(n) _ length of time step n, 

Ah n̂̂  - change in head at the base of the confining 
layer during time step n, 

and subject to the initial conditions 

i (0) 

At 
x'«VhV -0. 

Equations 5, 6, and 7 are derived from equations 9 and 10 in the 

analysis by Cooley (1972, p. 1048, 1049) and were presented in Loeltz 

and Leake (1983). 

The parameter oc, as presented by Cooley (1972), describes 

properties of a single overlying confining layer. At Chambers the 

effects of delayed yield are attributed to several clay layers of 

varying thickness and unknown K^, some at the water table and some of 

which are below the water table. The parameter a, therefore, was used 

as a delay index that was adjusted so that computed aquifer response 

would more nearly match observed response. 

The one-dimensional model was conceptualized as a confined 

model of the sand layers with an overlying confining unit composed of 

clay layers. Using the procedure proposed by Cooley (1972) to model 

this system resulted in three model parameters affecting storage in the 

aquifer. They were « and for the water-table aquitard and storage 

coefficient, S^, for the underlying confined unit. Therefore, in 
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addition to varying «, S and S were varied to match observed water-y c 

level response. Because only short term response was analyzed, areal 

recharge, ground-water inflow or outflow to the modeled region, and 

evapotranspiration were neglected. The effect of those flows on head 

during the several day time period modeled was assumed negligible when 

compared to the effect of a 1-foot rise in river stage. 

One problem with the field data complicated the calibration 

of the model. River stage was measured approximately 0.25 mi upstream 

from the wells and upstream of a water-fall control. Therefore, river 

stage recorded at the stream-flow gaging station was only an 

approximation of stage in the river reach adjacent to the wells. This 

introduced uncertainty into the specification of heads in the stream 

boundary nodes and may be partly responsible for differences between 

modeled and observed heads. 

Graphical correlation between observed heads at wells CW-3 

and CW-9 and modeled heads in nodes of similar distance from the stream 

was used for calibration. The objective of calibration was to 

determine the combination of parameters that would best reproduce 

hydrographs at both wells simultaneously. The parameter values that 

produced the best overall representation of the observed head changes 

were: S - 0.3, Sc - 0.5E-4, and a- 2.0E-4. The graphical 

correlations shown in figure 11 give an indication of the extent to 

which the model simulated the observed head changes. 
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Figure 11-Observed and modeled heads for calibrated ground-water 

flow model at two well-locations. 

The sensivity of the model results to changes in each of the 

three storage parameters was evaluated. Figures 12, 13, and 14 show 

hydrographs computed holding two of the storage parameters constant 

while varying the third. Figure 12 shows the effect of variation in 

S^. A relatively negligible change in modeled heads results from 

varying from 0.1 to 0.4, indicating the model is relatively 

insensitive to the value of S . The effect of increase in S is to 
y y 
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reduce the magnitude of the water-level response in the wells. This 

results from the relatively greater storage capacity associated with 

larger in the aquitard. Figure 13 shows the effect of variation in 

«. At a relatively large value of « (upper left plot in figure 13), 

the water level response away from the stream is markedly reduced. As 

a is reduced, reducing the amount of water entering "water-table" 

storage at early time, the water level change away from the stream 

becomes more pronounced. However, at values of « equal to and less 

than about 2.0E-4, the model appears to be relatively insensitive to 

variation in a. Figure 14 shows the effect of variation in Sc> At 

relatively small Sc, shown in the upper left plot, both modeled heads 

respond rapidly, however, both exceed observed water levels at early 

time. As Sc is increased, the modeled heads respond more slowly and 

the head difference between them gets larger. The variation in 

Sc shown in figure 14 is relatively small and results in significant 

changes in modeled heads, indicating that modeled heads are relatively 

sensitive to the choice of Sc. It is worth noting that the calibrated 

Sc is well within the range expected for a confined, unconsolidated 

aquifer and several orders-of-magnitude smaller than a value 

expected for an unconfined aquifer. Using the delayed yield function 

as described above, the Sc controls storage at very early time after a 

change in stage at the boundary. Therefore, the model indicates that 

the alluvial system behaves as a confined aquifer at early time after a 

rapid change in stream stage. 
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It is clear from the observed heads in wells and the 

numerical analysis presented above that the alluvial aquifer initially 

responds to rapid change in stream stage as a confined unit. It is 

also clear, from direct observation, that the alluvial aquifer is a 

water-table aquifer. Uncertainty regarding the specification of heads 

representing the stream boundary makes it less clear, from the 
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Figure 13.--Effect of variation in a on modeled heads. 



41 

numerical analysis, if delayed yield is occurring. If boundary heads 

are varied Co approximate water-levels in wells, then those water-

levels can be simulated without delayed yield. However, because those 

wells are water-table wells with clay layering at the water table, and 

because they do respond rapidly to changes in stream stage (as 

modeled), it is assumed that delayed yield is occurring. Accurate 

measurement of stream-stage during runoff adjacent to the wells would 

allow for a more definitive statement regarding delayed yield. 
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Figure 14.--Effect of variation in S on modeled heads. 
c 
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Conceptual Model of Flow 

Water levels in the Puerco River at low flow adjacent to a 

shallow drivepoint and water levels in that drivepoint (CDP-4 on figure 

3) are shown on figure 15. The screened interval of the drivepoint was 

from approximately 2 to 3 ft below the bottom of the streambed and the 

stream was about 0.5 ft deep. The hydraulic gradient was downward, 

meaning water was infiltrating into the shallow alluvial aquifer from 

the stream. These data and results from other studies (Gallaher and 

Cary, 1986; Weimer and others, 1981) indicate the Puerco River is a 

losing stream, recharging the alluvial aquifer during periods of flow. 

Ground-water discharge through the streambed is also 

evidenced. From June, 1988 through January, 1990, the water table at 

Chambers remained less than 3 ft below the streambed. A small seep 

discharges below the waterfall downstream of the Chambers stream-flow 

gaging station. Phreatophites occur on sandbars and low terraces in 

and near the channel. Evaporites, salts deposited when water 

containing salts evaporates, have been observed on the streambed during 

dry periods. 

Periodic water-level measurements were made on monitor wells 

in September 1988 and approximately monthly from June 1989 through May 

1990. Selected water-level elevations are listed in table 4. Head 

gradients between vertically separated wells were computed for the 

water-level measurements listed in table 4. Those gradients are listed 

in table 5. A negative value means the gradient is downward; a 

positive value means the gradient is upward. 
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Table 4.--Selected water-level elevations in monitor wells. 

Well name Date Elevation 
(in feet 
above NGVD) 

CW-1 9/30/88 5708.04 
6/7/89 5706.98 
9/11/89 5707.83 
12/4/89 5707.81 
3/7/90 5708.18 
5/2/90 5708.01 

CW-2 9/30/88 5709.35 
6/7/89 5709.03 
9/11/89 5709.07 
12/4/89 5709.08 
3/7/90 5709.47 
5/2/90 5709.20 

CW-3 9/30/88 5709.27 
6/7/89 5708.93 
9/11/89 5708.99 
12/4/89 5709.08 
3/7/90 5709.37 
5/2/90 5709.13 

CW-4 9/30/88 5707.64 
6/7/89 5707.52 
9/11/89 5707.38 
12/4/89 5707.37 
3/7/90 5707.71 
5/2/90 5707.67 

CW-5 9/30/88 5707.24 
6/7/89 5706.84 
9/11/89 5706.94 
12/4/89 5706.86 
3/7/90 5707.33 
5/2/90 5707.00 

CW-6 9/30/88 5707.05 
6/7/89 5706.69 
9/11/89 5706.78 
12/4/89 5706.68 
3/7/90 5707.17 
5/2/90 5706.84 
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Table 4.--Selected water-level elevations in monitor wells--Continued. 

Well name Date Elevation 
(in feet 
above NGVD) 

9/30/88 5708 .12 
6/7/89 5707 .82 
9/11/89 5707 . 8-4 

12/4/89 5707 .80 
3/7/90 5708 .22 
5/2/90 5707 .90 

9/30/88 5708 .13 
6/7/89 5707 .83 
9/11/89 5707 .87 
12/4/89 5707 .80 
3/7/90 5708 .23 
5/2/90 5707 .93 

9/30/88 5708 .49 
6/7/89 5707 .73 
9/11/89 5707 .75 
12/4/89 5707 .71 
3/7/90 - -

5/2/90 - -
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Table 5.--Vertical head-gradients calculated using water-level 
measurements listed in table 4. 

[Negative value means gradient is downward; positive value means 
gradient is upward. Average separation of screens is about 30 ft.] 

Date of 
Sites Differenced vertical head-gradients 

(in feet) 
9/30/88 6/7/89 9/11/89 12/4/89 3/7/90 5/2/90 

CW-1 - CW-2 -1. .31 -2.05 -1.24 -1.27 -1.29 -1. VO
 

CW-2 - CW-3 0, .08 0.10 0.08 0.00 0.10 0, ,07 

CW-4 - CW-5 0. .40 0.68 0.44 0.51 0.38 0, ,67 

CW-5 - CW-6 0, .19 0.15 0.16 0.18 0.16 0, ,16 

CW-7 - CW-8 -0. .01 -0.01 -0.03 0.00 -0.01 -0. ,03 

CW-8 - CW-9 -0. ,36 0.10 0.12 0.09 

Figure 16 shows a map view of the site. Arrows on figure 16 

indicate the direction of the stream and the down-valley direction of 

the alluvial valley bounded by bedrock on both sides. The directions 

are not parallel. Water-level measurements in the three water-table 

wells were used to compute the approximate slope and direction of slope 

of the water table. A vector representation of the water-table slope 

computed using water-level measurements made September 30, 1988 is 

shown on figure 16. Water-table slope was computed by 

x - (CW-3 - CW-6) / 540 ft (8) 

2 - [{(x(330 ft)) + CW-6 } - CW-9] / 325 ft (9) 

where 

x - the slope of the water table parallel to the stream. 

2 - the slope of the water table normal to the stream. 
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CW-# — the measured elevation of water surface in the well as 

indicated by #. 

Equation 8 calculates the slope of the water table between wells CW-3 

and CW-6 assuming that slope is linear. Equation 9 interpolates the 

water-table, as calculated by equation 8, to a point between the stream 

and well CW-9 on a line normal to the stream, then calculates the slope 

between that point and the water-level in CW-9. The vector 

representation of the slope of the water table is designed to show 

dominant horizontal flow direction in the alluvial aquifer at the site. 

The direction of dominant horizontal flow, as computed above and 

displayed on figure 16, is approximately parallel to the trend in 

direction of the alluvial valley and is not parallel to the stream. 

NEW Gi 

GAGE 
CW-1.CW-2.CW-3 

CW-V.CW-5.CWH CW-7.CW-8.CW-9 

DIRECTION OF 
DOWNWARD SLOPE 

OF THE WATER TABLE EXPLANATION 

GAGING STATION 

8 WELL OR DRIVE POINT 

APPROXIMATELY 0.25 MILE 

Figure 16.--Directional trends of the alluvial valley, the stream, 

and the slope of the water table at the Chambers site. 
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Under a variety of flow conditions, including from several 

days to several months after flow in the stream, vertical greadients 

between wells and the approximate slope of the water table remained 

relatively constant. Vertical head-gradients in the near-stream wells 

are consistantly upward, even soon after stream-flow, indicating water 

is moving upward towards the streambed. Horizontal gradients are 

approximately parallel to the down-valley trend of the alluvial valley. 

The horizontal gradients indicate that the ground-water flow system is 

not symetric about the stream, a necessary assumption to the 

specification of a no-flow boundary at the lateral end of the ground

water flow model under the stream. However, because the model was used 

to model change in head (superposition) and for a short time period, 

violation of this assumption is not considered critical. 

Further evidence of the dominance of the upward movement of 

water near the stream is provided by a comparison of recorded water 

levels in wells CW-2 and CW-3 (figure 17). The water level in CW-2, 

the lower of the two wells, is consistantly higher than the water level 

in CW-3, even during a stream-flow event that occurred from February 11 

to 14, This dominance of upward movement of water suggests that 

ground-water discharge by evapotranspiration at the streambed may 

exceed recharge from the stream to the alluvial aquifer. If that is 

the case, then the average advective movement of water over time is 

towards the stream. Contaminants in water infiltrating from the stream 

would therefore be less likely to be transported away from the stream. 

However, that flow pattern could vary locally and could be altered in 

the presence of significant pumpage away from the stream. 
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Figure 17.--Water levels in two vertically-separated wells at Chambers. 

Well CW-1 is completed into the top of the Chinle Formation. 

The difference in water-level elevation between CW-1 and CW-2 (table 

5), completed approximately 40 ft above, varied from 1.19 ft on May 2, 

1990 to 2,05 ft on June 7, 1989 and the gradient was downward. As 

mentioned above and detailed in the section "Water quality relations 

between surface water and ground water", tritium data indicate that 

water exposed to the atmosphere since 1952 has not reached CW-1, yet 

has reached all eight alluvial wells. The downward gradient indicates 

water is moving downward from the alluvial aquifer into the Chinle 

Formation, however, based on the tritium results, water recharged since 

1952 has not reached the top of the Chinle Formation. Apparently, the 

clay layers encountered at the boundary between the alluvial aquifer 
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and the Chinle Formation are restricting the downward movement of 

water. 

WATER QUALITY RELATIONS BETWEEN SURFACE WATER AND GROUND WATER 

The Fuerco River loses flow to the ground-water system along 

much of it length, therefore, the potential exists for contamination of 

the underlying alluvial aquifer by contaminants in water infiltrating 

from the stream. As described in the section "History of Mining", 

man's activities have resulted in the release of radionuclides and 

other harmful trace elements to the Puerco River. For this reason, 

water quality in the stream both today and historically is of interest 

in evaluating what is observed in ground-water. 

Dissolved Gross-Alpha and Gross-Beta Activities in Surface Water 

An evaluation of published historical data combined with 

recent samples was used to determine the impact of uranium mine 

dewatering on dissolved gross-alpha and gross-beta activities in Puerco 

River water. Analyses for a total of 55 samples for the Puerco River 

downstream of the mines were used for this analysis. Samples are from 

1975 to 1989. Samples collected during and for two weeks after the 

mine tailings spill in June, 1979 were excluded from this analysis. 

Dissolved gross-alpha and gross-beta activities for samples 

collected before and after February 1986, the date when mine dewatering 

ceased, show a distinct decrease in activity (figure 18). Samples 

collected before February 1986 are grouped by location upstream or 

downstream of the Gallup sewage-treatment plant. Median dissolved 

gross-alpha activity upstream of Gallup was 1,390 pCi/L before 1986, 

compared with 7.5 pCi/L after. Median dissolved gross-beta activity 

was 232 pCi/L upstream of Gallup before 1986, compared with 11 pCi/L 

after. Median dissolved gross-alpha and gross-beta activities of the 

12 samples collected at the old Chambers stream-flow gaging station 
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(figure 3) prior to 1986 were 68 pCi/L and 22 pCi/L, respectively. 

Median dissolved gross-alpha and gross-beta activities of the 9 Puerco 

River samples collected since 1986 were 7.5 pCi/L and 11 pCi/L, 

respectively. The increase in activities prior to 1986 can be 

attributed to uranium mine dewatering (Gallaher and Cary, 1986, Van 

Metre, 1989). 
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Figure 18.--Boxplots comparing dissolved gross-alpha and dissolved 

gross-beta for selected locations and time periods. 
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Solid-Phase Sampling Results and Discussion 

A total of 26 solid-phase samples were analyzed for gross -

alpha and gross-beta activities. Two of those samples were collected 

in the streambed and the other 24 samples were collected during 

drilling of monitor wells. Of those 26 samples, 12 were also analyzed 

for uranium-234, uranium-238, radium-226, radium-228, thorium-230, 

thorium-232, and lead-210. Results are listed in table 6. 



Tabic 6.--Solid-phase radiochemical sairple analyses results. 

£All activity values in pCi/arom. Where appropriate, reference radionuclide listed in parenthesis.] 
SITE 
NAME 

CDP-01 
CDP-Ot 
CU-02 
CU-02 
CU-D2 
CU-02 
CU-02 
CU-02 
CU-03 
CU-03 
CU-04 
CU-04 
CU-04 
CU-04 
CU-05 
CU-05 
CU-06 
CU-07 
CW-07 
CU-07 
CU-07 
CU-07 
CU-OB 
CU-09 
CU-09 

DATE 
PERCEUT 

FINE 

11/0/1938 
8/11/1938 
9/21/19B8 
9/21/1988 
9/21/19B8 
9/21/19B8 
9/21/1988 
9/21/1968 
9/22/19B8 
9/22/19B8 
9/25/1988 
9/25/1988 
9/25/1988 
9/25/1988 
9/26/1988 
9/26/1988 
9/26/1988 
9/27/1988 
9/27/1988 
9/27/1988 
9/27/1988 
9/27/1988 
9/28/1988 
9/28/1988 
9/28/1988 

92.0 
86.9 
23.2 
57.1 
38.2 

100.0 
36.1 
89.0 
79.6 
46.8 
71.9 
18.9 
48.0 
74.9 
54.2 
71.5 
14.7 
40.0 
19.4 
50.9 
70.8 
73.9 
3.8 

SAMPLE 
DEPTH 
(FT) 

3.00 
0.05 
15.00 
20,00 
29.00 
30.50 
52.50 
02.00 
21.00 
3B.OO 
15.00 

100.50 
67.50 
91.50 
13.50 
63.00 
30.00 

28.00 
38.20 
35.40 
80.25 
96.50 
69.50 
54.00 
45.00 

CROSS 
ALPHA 

(An-241) 

4.10 
5.40 
8.40 
8.40 
4.70 

11.60 
4.30 

12.20 
9.90 

11.80 
12.00 
4.20 
14.20 
5.60 
9.90 

16.10 
 .BO 
8.80 
7.60 
8.30 
 .10 
5.70 
11.30 
6.40 
3.70 

SIGMA 

0.60 
1.00 
0.90 
1.30 
0.90 
1.40 
0.90 
1.50 
1.30 
1.50 
1.50 
0.90 
1.70 
1.00 
1.30 
1.80 
0.90 

1.20 
1.20 
1.30 
1.20 
1.00 
1.50 
1.10 
0.90 

GROSS 
ALPHA 
(U-nat. 

6.90 
9.20 
11.70 
11.50 
7.30 
18.70 
6.40 

20.00 
15.10 
18.90 
19.70 
6.10 
23.00 
8.50 
16.30 
26.10 
12.80 
14.20 
10.80 
11.60 
B.ZO 
9.10 

16.10 
9.10 
5.60 

) SIGMA 

1.10 
1.80 
1.30 
1.90 
1.50 
2.80 
1.40 
3.00 
2.30 
2.80 
3.00 
1.40 
3.30 
1.60 
2.50 
3.60 
1.40 

2.30 
1.90 
2.00 
1.70 
1.70 
2.40 
1.70 
1.30 

GROSS 
BETA 

(Cs-137) 

14.80 
20.60 
25.60 
29.70 
18.50 
23.30 
13.20 
23.10 
24.70 
27.00 
26.90 
7.30 

26.80 
19.80 
24.80 
29.30 
19.60 
19.80 
21.20 
22.70 
15.70 
8.10 
24.60 
18.50 
16.50 

SIGMA 

1.00 
1.70 
1.60 
2.50 
1.50 
1.80 
1.40 
1.80 
2.00 
2.10 
2.00 
1.20 
2.10 
1.70 
1.90 
2.20 
1.30 
1.70 
2.00 
2.20 
2.10 
1 .10  
2.30 

1.90 
1.60 

GROSS 
BETA 

(Sr/*90) 

14.10 
19.70 
24.80 
29.10 
17.70 
22.20 
12.70 
22.00 
23.70 
25.70 
25.50 
7.10 
25.50 
19.00 
23.60 
27.90 
19.00 
18.90 
20.60 
22.10 
15.40 
7.70 
23.90 
17.90 
15.90 
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SIGMA 

1 .00  
1.60 
1.50 
2.30 
1.40 
1.70 
1.30 
1.70 
1 .80 
1.90 
1 .80 
1.20 
1.90 
1.50 
1.70 
2 .00  
1 . 2 0  
1.50 
1.90 
2.10 
2.00 
1 . 1 0  

2.10 
1.80 
1.50 

LOCATION URAM1UH URAHIUH THORIUM THORIUM RAO 1 UK RADIUM LEAD 

NAME 238 SIGMA 234 SIGMA 230 SIGHA 232 SIGMA 226 SIGMA 228 SIGMA 210 SIGMA 

COP-OI 0.59 0.05 0.43 0.04 0.35 0.04 .. 0.42 0 .  .03 0.40 0.20 0.50 0.40 
C0P-01 0.64 0.05 0.57 0.05 0.54 O.OS - •  0.48 0 .  .03 0.97 0.13 1.40 0.40 

CU-02 - •  

CU-02 
CU-02 
CU-02 
CU-02 0.64 0.07 0.60 0.07 0.34 0.06 0.36 0.05 0.26 0 .  .02 1.10 0.30 0.90 0.90 
CU-02 - - - - - - - - - - - - — - - - - • - - - - - - - - -

CU-03 0.88 0 . 0 8  0.87 0.08 0.74 0.08 0.73 0.07 0.57 0 .  .04 2.30 0.30 2.10 0.40 
CU-03 
CU-04 
CU-04 0.59 0.07 0.49 0.06 0.33 0.06 0.52 0.06 0.36 0 .  .03 2.40 0.30 0.10 0.90 
CU-04 
CU-04 0.42 0.06 0.32 0.05 0.46 0.06 0.33 0.05 0.29 0 .  

C
M

 O
 1.70 0.30 0.60 0.60 

CU-05 
CU-05 1.06 0.08 0.85 0.07 1.15 O.IO 1.21 0.09 1.07 0 ,  .06 3.30 0.30 1.80 0.50 
CU-06 0.79 0.08 0.94 0.08 0.97 0.09 1.06 0.09 0.72 0 .04 2.50 0.20 1.00 0.40 
CU-07 
CU-07 
CU-07 0.63 0.07 0.56 0.06 0.56 0.07 0.67 0.07 0.46 0, .03 2.40 0.50 -0.10 0.60 
CU-07 0.43 0.06 0.42 0.05 0.60 0.08 0.40 0.06 0.36 0 .  .03 1.80 0.30 0.30 0.40 
CU-07 
CU-08 
CU-09 
CU-09 0.39 0.06 0.47 0.06 0.37 0.06 0.40 0.05 0.40 0, .03 1.30 0.30 0.70 0.50 

^Percent of sample passing a 0.0024 inch sieve. 
Uncertainty of the measurement expressed as + or - one standard deviation. 
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Grain size distribution and distance from the stream were 

determined for each sample. Table 7 lists correlation coefficients 

relating the silt and clay fraction of each sample (percent of sample 

by weight passing through a screen with 0.0024 inch openings) and the 

distance from the stream, to radionuclide activities. Positive 

correlation between trace metals and silt and clay content is an 

indication of sorption and usually results from much greater surface 

area and surface charge for finer grain size materials than for coarser 

materials. Negative correlations between activities and distance from 

the stream suggest greater relative activities near the stream than at 

distance from the stream, however, most of those correlations are low. 

Table 7.--Correlation coefficients between solid-phase radionuclide 
concentrations, percent fines (percent of sample passing a 0.0024 in 
sieve), horizontal distance from the stream, and vertical distance 
below the streambed. Number of samples is shown in parentheses. 

Constituent Correlation coefficients 
Percent fines Horizontal Vertical 

distance distance 

Gross alpha (26) 0.68 -0.28 -0.05 

Gross beta (26) 0.56 -0.31 -0.42 

Uranium (12) 0.90 -0.43 -0.38 

Radium (12) 0.60 0.01 0.16 

Lead-210 (11) 0.71 -0.40 -0.54 
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Aqueous-Phase Sampling Results and Discussion 

All 9 wells and 2 drivepoints were sampled during December, 

1988. The shallow drivepoint was also sampled on August 8, 1988. The 

stream was sampled on several occasions between August, 1988 and 

September, 1989, All ground-water samples met the EPA MCLs for radium, 

gross-alpha minus uranium and radon, and gross-beta. Total gross-alpha 

and gross-beta activities in Puerco River water are highly variable and 

suspended sediment concentrations are large. Under natural flow 

conditions, most of the radionuclide activity in surface water is 

associated with the sediments and, therefore, will not directly impact 

ground water. Sample results are listed in table 8. The unusually 

large concentrations of dissolved and total organic carbon in CW-1 are 

attributed to organic material at the well screen noted during 

drilling. 



56 

Table 8.--Water-quality sonpllng results for the Puerco River, uells, and 
drivepoints at the Chairbers site. 

UNITED STATES DEPARTHENT OF INTERIOR - GEOLOGICAL SURVEY PROCESS DATE 4-04-90 
HULTIPLE STATION ANALYSES 

DIS SPE
CHARGE, SPE CIFIC ALKA
INST. SEDI CIFIC ALKA PH CON LINITY 
CUBIC MENT, CON OXYGEN, PH LINITY LAB DUCT LAB 

SITE FEET SUS DUCT DIS (STAND FIELD (STAND ANCE (HG/L 
NAME DATE TIME PER PENDED ANCE SOLVED ARD NG/L AS ARD LAB AS 

SECOND (HG/L) (US/CH) (KG/L) UNITS) CAC03 UNITS) (US/CH) CAC03) 
<0006,1) (80154) (00095) (00300) (00(00) <00410) (00403) (90095) (90410) 

Puerco 08-11-88 1400 -- - - -- - - - - - - - -

River 08-11-88 1700 - - - - -- - - - - - - - -

08-10-88 1705 42600 - - - *  - - - - - -

0B-10-88 1705 5.0 42600 - - - - - - - - - - - -

09-27-88 1200 -- -- -- -- - - - - - -

CU-1 12-09-88 1000 .. 5.6 7.7 973 8.1 1760 959 
12-09-88 1400 - -

CU-Z 12-09-88 1200 - - 8.0 965 214 
12-09-08 1030 1030 0 7.5 219 8.0 972 213 

CW-3 12-09-88 1600 1100 0 7.4 238 - - •• 

CU-4 12-07-88 1623 999 0 7.3 231 7.8 976 231 
12-07-88 - - - - - - - - - - - - - -

CU-5 12-0B-88 13D0 956 0 7.2 233 8.3 940 236 
12-08-88 - - - - - - - - - - - -

CU-6 12-08-88 1603 1370 2,9 7.3 255 7.9 1360 258 

12-08-88 . .  .. . .  

CU-7 12-06-88 1100 - -  .  967 0 7.4 236 7.9 1020 234 
CW-8 12-06-88 1616 • * - -

12-06-88 1632 930 . 0.0 7»4 210 S.i 1040 214 
12-06-88 030 D - - '• * - - -

CU-9 12-06-88 1130 1210 0 7.2 303 8.2 1200 308 
12-06-88 1700 - - - -

CDP-1 12-07-88 1215 1060 0.0 7.6 231 7.9 1100 222 
OB-11-88 1400 -- 7.6 1090 215 

C0P-3 12-08-68 1400 1010 0.2 7.7 227 7.9 1090 222 

12-0B-B8 -- -- - - .. .. - - .. 
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UNITED STATES DEPARTHENT OF INTERIOR • GEOLOGICAL SURVEY PROCESS DATE 4-04-90 
MULTIPLE STATION ANALYSES 

SOLIDS, 
CHLO RESI0U6 FLUO MAGNE POTAS SILICA, 

CALCIUM RIDE, AT 180 RIDE, SIUM, SIUM, DIS SOOIUM, SULFATE 
DIS DIS DEC. C DIS DIS TUR DIS SOLVED DIS DIS

SITE SOLVED SOLVED DIS SOLVED SOLVED BID SOLVED <MG/L SOLVED SOLVED 
NAME DATE (HC/L (KG/L SOLVED (HG/L (HG/L ITY (KG/L AS (KG/L (HG/L 

AS CA) AS CL) (HG/L) AS F) AS HG) <NTU) AS K) 5102) AS NA) AS SO4) 
(00915) (00940) (70300) (00950) (00925) <00076) (00935) (00955) (00930) (00965) 

Puerco 08-11-68 -- - - - - -- -- -- -- -

River 08-11-68 • • -- -- - - • • -- -- • 

08-10-68 - - •• - - - *  - -

08-10-68 -- -- -

09-27-68 -- -- - - • 

OM 12-09-68 19 32 1160 0.60 6.7 2.B 15 370 25 
12-09-68 -• • < • • • • * - - - -

CW-2 12-09-68 76 39 632 0.60 14 2.1 12 110 240 
12-09-68 76 40 646 0.60 14 2.2 12 110 240 

CU-3 12-09-68 -- -- -- -- -- -- • 

CV-4 12*07-68 67 40 629 0.50 13 3.6 15 120 230 
12*07-66 -- -- -- -- -

CU-5 12-08-86 63 43 604 0.70 13 2.3 14 120 200 
12-08-86 -- -• -

CU-6 12-08-66 93 75 933 0.70 23 0.90 16 170 370 

12-08-88 .. * .  .. . .  . 
CU-7 12-06*68 56 49 ' 684 0.60 12 1.0 3.1 12 150 270 
CU-8 12-06-68 -- • • -- -- -- -

12-06-68 69 50 692 0.60 15 1.4 2,5 13 120 270 
12-06-68 •• • *  -- -- • 

CU-9 12-06-88 93 50 789 0.50 22 1.2 2.0 15 150 200 
12-06-68 • • « «  • • -- . 

COP-t 12-07-68 71 53 736 0.40 16 3,2 9.1 150 300 
08-11-68 71 61 717 0.60 15 6.0 3.9 12 150 260 

COP-3 12-08-68 76 49 717 0.70 15 3.6 11 140 200 

12-08*88 
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UNITED STATES DEPARTMENT OF INTERIOR - GEOLOGICAL SURVEY PROCESS DATE 4-04-90 
MULTIPLE STATION ANALYSES 

NITRO PHOS NITRO NITRO
GEN,AH- NITRO PHOS PHOROUS GEN, PHOS GEN, NITRO

BROMIDE HONIA + GEN, PHOROUS PHOS ORTHO, N02+N03 PHORUS, AHHONIA GEN, 

DIS ORGANIC AMMONIA DIS PHOROUS DIS DIS ORTHO, DIS NITRITE 

SITE SOLVED TOTAL TOTAL SOLVED TOTAL SOLVED SOLVED TOTAL SOLVED TOTAL 

NAME DATE <HG/l (KG/L (HG/L (KG/L (HG/L (HG/L (MG/L (HG/L (MG/L (MG/L 

AS BR) AS N) AS N) AS P) AS P) AS P) AS N) AS P) AS N) AS N) 

(71870) (00625) (00610) (00666) <00665) (00671) (00631) (70507) (00608) (00615) 

Puerco 08-11-88 - - - - — -- . .  . .  --

Rfver oa-n-ss -- - - - - - - - - - - -- - «  

08-10*88 - - - - - - - - -- -- - -

08-10-88 - - -- - •  - -

09-27-88 -- - •  

CW-1 12-09-88 0.16 0,640 0.590 <0.100 1.60 

12-09-88 - - • • • • • • ** --

CU-2 12-09-88 0.14 • • 0,020 0.020 0.570 - - 0.030 

12-09-88 0.13 • • 0.010 0.010 0.550 0.030 
CU-3 12-09*88 0.32 0.020 0.020 0.230 0.060 

CU-4 12-07-88 0.22 1.0 0.660 0.010 0.050 0.060 0.260 0.030 0.690 <0.010 

12-07-88 -- -• 

CU-5 12-08-88 0.17 -- <0.010 - •  0.020 <0.100 0.200 

12-08-88 -- - - - - - - --

CU-6 12-oa-ea 0.29 -- 0.010 0.020 0.110 0.020 

12-00-88 .. . .  . .  . .  
CU-7 12-06-88 0.16 <0*50 0,030 0.010 0.010 0.050 
cu-b 12-06-88 - - - - -- -- --

12-06-88 0.16 <0.20 0.020 <0.010 <0.010 0.020 <0.100 <0.010 0.030 <0.010 

12-06-88 -- -- -- - -

CU-9 12-06-83 0,22 <0,20 0.020 <0.010 . .  <0.010 . .  0.100 

12-06-88 - »  " •  - -- -- --

cdp-1 12-07-88 0.15 * •  0.030 -* 0.040 <0.100 0.380 
08-11-88 0.90 0.480 0.040 0.040 0.030 <0.100 0.020 0.480 <0.010 

C0P-3 12-08-88 0.14 -- - - 0.020 -- 0.020 <0.100 - - <0.010 - -

12-08-88 -- - - -- . .  . .  . .  -- - -
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UNITED STATES DEPARTMENT OF INTERIOR - GEOLOGICAL SURVEY PROCESS DATE 4-04-90 
MULTIPLE STATION ANALYSES 

CHRO-
NITRO HIUH, STRON

GEN, HEXA- COBALTt COPPER, LEAD, NICKEL, TIUM, ZINC, CADMIUM 
N02+K03 VALEMT, DIS DIS DIS DIS DIS DIS DIS

SITE TOTAL DIS. SOLVED SOLVED SOLVED SOLVED SOLVED SOLVED SOLVED 
HAHE DATE (HG/L (UC/t (UG/L (UG/L (UG/L (UG/L (UG/L (UG/L (UG/L 

AS H) AS CR) AS CO) AS CU) AS PB) AS N!) AS SR) AS ZN) AS CO) 
<00630) (01032) <01035) (01040) (01049) (01065) (01060) (01090) (01025) 

Puerco 08*11*88 --

River 08*11-88 -- -- - - --

03-10-B8 -- -- --

08-10-B8 -- --

09-27-88 -- * •  -* *-

CU-1 12-09-88 .. <1 <1 1 <5 2 520 <10 <1 
12-09-B8 -* -- - •  .. •  - -- --

CU-2 12-09-88 1 1 <1 <5 1 970 <10 <1 
12-09-88 • • 1 <1 <1 <5 2 too <10 <1 

CW-3 12-09-88 -• <1 <1 3 <5 2 1300 <10 <1 

CW-4 12-07-88 0.200 1 <1 <1 <5 <1 920 <10 <1 
12-07-88 - •  -- -- --

CW*5 12*08-88 -- 3 <1 2 <5 6 700 10 2 
12*08-88 -- " 

CU*6 12-08-88 1 <1 2 <5 5 1700 <10 1 

12-08-88 .. . .  .. . .  . .  
CW'7 12-06-88 0,400 1 <1 1 *5 <1 810 6 2 
CU-B 12-06-88 • • • • — 

12-06-88 <0.100 1 1 1 . *5 3 noo 33 2 
12-06-88 •• •* •* 

CW-9 12-06-68 0.800 1 <1 1 <5 2 1300 5 2 
12-06-88 -- -- --

COP-1 12-07-B8 -- <1 2 3 <5 3 1000 20 1 
08-11-B8 <0.100 1 2 1 <5 3 1000 19 1 

C0P-3 12-08-88 -- 1 <1 2 <5 3 1100 20 <1 

12-08-B8 
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UNITED STATES DEPARTMENT OF INTERIOR - GEOLOGICAL SURVEY PROCESS DATE <,•04-90 
MULTIPLE STATION ANALYSES 

SELE CARBON, ALUM MOLYB
NIUM, ARSENIC CARBON, ORGANIC MERCURY BORON, INUM, BARIUM, DENUM, 
DIS DIS ORGANIC DIS DIS DIS DIS DIS DIS

SITE SOLVED SOLVED TOTAL SOLVED SOLVED SOLVED SOLVED SOLVED SOLVED 

NAME DATE (UG/l (UG/L (HC/L (HG/L <UG/L (UG/L (UG/L (UG/L (UG/L 
AS SE) AS AS) AS C) AS C) AS KG) AS B) AS AL) AS BA) AS MO) 

(01145) (01000) (00680) <00631) (71B90) (01020) (01106) (01005) (01060) 

Puerco oa-ii-sa - - - - — - - -- - -

River 08-11-88 - - -- *- •• -- • - - -

08-10*83 -- - •  •• • -

08-10-88 -- •• -*  

09-27-83 - - - -

CU-1 12-09-83 <1 5 3B 32 <0.1 920 30 GOO 1 
12*09-83 -- - - - - -- - - •• 

CU-2 12-09-83 <1 <1 2.0 1.1 <0.1 170 <10 <100 6 

12*09*88 <1 <1 2.0 1.3 <0.1 170 <10 <100 6 
CW-3 12-09-83 <1 ; 2.9 1.9 <0.1 200 <10 <100 6 

CW-4 12*07-83 <1 2.7 1.1 <0.1 190 <10 <100 1 
12-07-88 -- " •• 

CU-5 12-0B-88 <1 2 2.2 1.1 <0.1 180 <10 <100 5 

12-08-88 -- - - - -

CW-6 12-08*88 1 \ 2.4 1.4 <0.1 300 <10 <100 U 

12*0B*S3 - - - - - - .. . .  .. 
CM-7 12-06-88 <1 K9 1.3 <0.1 170 <10 59 7 
CU-8 12*06-88 -• • •  - - - -

12-06-88 <1 <1 2,1 1.3 .<0.1 170 <10 50 6 
12*06*83 " 

CU-9 12-06-83 <1 <1 2.3 1.3 <0.1 200 <10 43 3 

12-06-88 - - •  •  • •  

CDP-1 12*07*83 <1 4 5.B 2.1 0.6 120 <10 100 11 

08-11-83 <1 3 6.4 5.4 <0.1 190 <10 120 20 
CDP-3 12-08-83 <1 1 5.0 2.2 <0.1 170 <10 100 11 

12-0B-B3 - - - - - - - - -- -- - •  • • 
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SITE 
NAME 

Puerto 
River 

CU-1 

CU-2 

CU-3 

CU-4 

CU-S 

CU-6 

CM-7 
cu-a 

CW*9 

COP-1 

CDP-3 

UNITED STATES DEPARTMENT OF INTERIOR - GEOLOGICAL SURVEY PROCESS DATE 4-04-90 
MULTIPLE STATION ANALYSES 

GROSS GROSS GROSS GROSS GROSS CROSS 
MANGA VANA ALPHA, ALPHA, ALPHA, ALPHA, BETA, BETA, 
NESE, IRON, DIUM, DIS DIS SUSP. SUSP. DIS SUSP. 
DIS DIS DIS SOLVED SOLVED TOTAL TOTAL SOLVED TOTAL 

SOLVED SOLVED SOLVED (UG/L (PCI/L (UG/L (PCI/L (PCI/L (PCl/l 
CUG/L (UG/L (UG/L AS AS AS AS AS AS 
AS HM) AS FE) AS V) U-HAT) U-HAT) U-HAT) U-HAT) CS-137) CS-137) 

<01056) (01046) (01085) CB0030) (01515) (80040) (01516) (03515) (03516) 

08-11-88 -- -- -- • • -- • • 

08-11-88 -- .. .. • • 

08-10-88 -- -- -- .. --

08-10-88 -- *• • - 14 150 45 110 
09*27-88 •• -- --

12-09-88 50 660 13 0.5 6.4 3.6 5.4 
12-09-88 -- -- .. -- --

12-09-88 190 30 <1 9.4 <0.4 5.5 1.2 
12-09*88 190 30 <1 11 1,0 5.3 0.8 
12-09-88 30 20 <1 ** " - -

12-07-88 290 1200 <1 .. .. 
12-07-88 -- -- 0.7 <0.4 5.7 <0.4 
12-08-88 660 290 <1 6.7 <0.4 4.9 0.9 
12-08-88 • • • « .. *- -* 

12-08-88 <10 20 7 14 <0.4 7.0 0.8 

12-08-88 .. -- .. .. 
12-06-88 510 17 <1 10 <0.4 5.8 0.8 
12-06-88 -- -- --

12-06-88 460 9 <1 12 <0.4 6.3 0.8 
12-06-88 -- 12 <0.4 6.3 0.8 

12-06-88 68 7 <1 17 <0.4 9.5 1.2 
12*06-88 
12-07-88 3200 780 <1 19 <0.4 U 5.8 
08-11-88 3300 350 <1 20 8.2 12 4.7 
12-08-88 100 10 3 23 <0.4 14 1.0 

12-08-88 
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UNITED STATES DEPARTMENT OF IHTERtOR - GEOLOGICAL SURVEY PROCESS DATE 4-04-90 
MULTIPLE STATION ANALYSES 

GROSS GROSS RA-226, RADIUM UftANtlTH UAAHICM 
BETA, BETA, DIS 226, URANIUM NATURAL DIS URAHJUH 
DIS SUSP. SOLVED, DIS NATURAL SUS SOLVED, DIS URANIUM 
SOLVED TOTAL PLAM- SOLVED, DIS PENDED OIRECT SOLVED, -23; 

SITE (PCI/L (PCI/L CHET RAD OH SOLVED TOTAL FLOURO- EXTRAC WATER 
NAME DATE AS SR/ AS. SR/ COUNT METHOD (UG/L (UG/L HETRIC TION DISSOIV 

YT-90) YT-90) (PCI/L) <PCI/L) AS U) AS U) (PCI/L) (UG/L) (PCI/L) 
(80050) (80060) (09510) (09511) (22703) (22705) (8Q0;0) (B0D2C) (22610) 

Puerco 08-11-88 .. -- - -

River 08-11-88 - - - - - •  - -

08-10-80 - - -- -- - -

08-10-88 30 92 -- 7 . )  
09-27-68 - - -- -- --

CV-1 12-09-88 2.5 4.9 0.15 <0.40 <0,10 
12-09*88 - - .. 

CU-2 12-09-88 3.8 1.2 0.06 6.7 4.0 
12-09-88 3.7 0.8 o.oa 6.6 3.5 

CU-3 12-09-88 --
. .  0.05 13 5.8 

CW-4 12-07-88 .. . .  
12-07-88 3.9 <0.4 0.10 <0.40 0.10 

CU-5 12-08-88 3.4 0.8 0.07 4.2 2.2 
12-08-88 -- -- -- --

CU-6 12-0B-88 4.5 0.8 0.10 10 5.0 

12-08-88 .. . .  . .  

CV-7 12-06-88 4.0 0.8- 0.10 7.2 3.7 
CU-S 12-06-88 - - »- --

12-06-88 4.4 C.8 0.15 7.3 4.1 
12-06-88 4.4 0.8 0.15 7.3 4.1 

CU-9 12-06-88 6.4 1.2 0.05 13 6.7 
12-06-88 --

CDP-1 12-07-88 7.8 6.0 0,17 19 7.1 
08-11-88 8.2 4.5 0.15 19 6.8 

CDP-3 12-08-88 9.5 1.0 0.07 19 9.9 

12-08-88 - - - - ** 
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UNITED STATES OEPARTHENT OF INTERIOR - GEOLOGICAL SURVEY PROCESS DATE 4-04,-90 
MULTIPLE STATION ANALYSES 

0-18 / H-2 / S-34 / OXYGEN 
0-16 H-1 S-32 DEMAND, RADON 

URANIUM STRON STABLE STABLE STABLE CHEH- 222 
-238 TIUM 90 ISOTOPE ISOTOPE ISOTOPE ICAL RADON TOTAL 
UATER DIS TRITIUM RATIO RATIO RATIO (HIGH 222 COUNT. 

0ISS0LV SOLVED TOTAL PER PER PER LEVEL) TOTAL ERROR 
(PCI/L) (PCI/L) (TU) MIL MIL MIL (HG/L) (PC/L) (PC/L) 
(22603) (13503) (07000) (82065) (82082) <82084) (00340) {B2303) (82302) 

Puerco 08-11-88 •• - -

River 08-11-83 .. 

08-10-88 .. - -

08-10-88 5.4 - -

09-27-88 " 

CU-1 12-09-88 <0,10 <2 
12-09-88 - •  

CU-2 12-09-88 2.A 24 
12-09-88 2.2 24 

CU-3 12-09-88 4.3 18 

CU-4 12-07-88 38 
12-07-88 0.10 — 

CU-S 12-08-88 1.6 19 
12-08-88 .. - •  

CU-6 12-06-88 3.4 22 

12-08-88 .. 
CU-7 12-06-68 2.3 31 
CU-B 12-06-68 — — 

12-06-68 2.5 29 
12-06-68 2.5 29 

CU-9 12-06-88 4.6 31 
12-06-68 

CDP-1 12-07-88 7.3 18 
08-11-B8 6.3 12 

CDP-3 12-08-88 7.2 25 

-10.00 -76.5 - - 120 <80 

-10.15 -74.0 -3.90 11 
-10.20 -74.5 -4.10 10 140 
-10.20 -77.0 •2.70 14 340 

.. 11 <BD 

.. -2.60 --

-9.75 •71.5 - - <10 160 
- - -1.70 -- - •  

-9.35 -70.0 <10 520 

.. -3.50 .. 
-9.95 •72.5 •3.40 46 180 

- - - - 91 
-10.20 •74.5 - - - - 91 
-10.20 -74.5 -4.10 - - - •  

-9.95 •73.5 .. 44 170 
-2.40 - •  

-9.35 -71.0 -3.40 53 370 
-10.10 -81.0 - •  

-9.60 •72.0 390 

12*03-88 •4»Q0 
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Several parameters warrant detailed discussion when 

describing water chemistry and water quality relations between surface 

water and ground water at Chambers. They are field-measured Eh; 

dissolved uranium, iron and manganese; and tritium. Distribution of 

these parameters is presented and discussed here. 

Tritium 

Tritium is a radioactive isotope of hydrogen with a half life 

of 12.3 years and an atomic mass of 3, one proton and two neutrons. It 

is naturally occurring in small concentrations, in the range of about 

5-20 tritium units (TU) (Freeze and Cherry, 1979). A TU is the 

18 equivalent of 1 tritium atom in 10 atoms of hydrogen. Tritium also 

is produced as a by-product of thermonuclear explosions. Atmospheric 

testing of hydrogen bombs, beginning in 1952, released large quantities 

of man-made tritium to the hydrologic cycle. Because tritium is an 

isotope of hydrogen, it will bond with oxygen to form water and, 

therefore, has been used as a conservative tracer of water movement. A 

measured concentration of tritium significantly above pre-1952 levels 

indicates that the water, or at least a fraction of the water, 

originally entered the ground-water system sometime after 1952. If the 

water has less than about 5 TU, it must have entered the ground-water 

system prior to 1952. 

Figure 19 shows tritium concentrations in wells at the 

Chambers site. Eight out of nine wells and both drivepoints had 

tritium concentrations greater than pre-1952 levels, indicating a 

large fraction of the alluvial ground water was recharged since 1952. 

The one well where tritium concentration indicated pre-1952 water was 

CW-1. CW-1 is the only well at the Chambers site that is completed in 

the top of the Chinle Formation underlying the alluviul aquifer at the 

site. These tritium concentrations indicate two things; that the 

entire cross section of the alluvial aquifer contains water recharged 

since approximately the advent of mining (1950's), and that water 
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recharged to the alluviul aquifer since the 1950's has not reached the 

top of the Chinle Formation at well CW-1. 
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Figure 19.—Tritium concentrations in wells and drive poinfs, in tritium units. 

(Cross section is oriented approximately normal to the stream and 

has a 4—to—1 vertical exaggeration. Well locations are approximate.) 

CW-7, 8 and 9 

PUERCO RIVER LAND SURFACE CW-4, 5 and 6 

(CW-1, 2 and 3) 
COP-1, 3 

30.6 ALLUVIUM 14.1 
23.8 

22.2(18.4) 

29.4 
19.1(24.2) 

CW-1. IN CHINLE 

FORMATION 

APPROXIMATELY 500 FT 

Eh 

On August 8, 1988, drivepoint CDP-1 was sampled about 3 ft 

below the streambed at Chambers. Sampling occurred about 2 days after 

the peak of a flow event in the Puerco River. Dissolved oxygen 

concentration was measured as 0.2 mg/L and dissolved organic carbon was 

measured as 5.4 mg/L. Low flow, approximately 5 cfs, was occurring 

laterally from CDP-1 before and for several days after sampling. The 

gradient between the stream surface and a second drivepoint, CDP-4, was 

downward and the dissolved oxygen concentration of the stream water was 

6.6 mg/L. Because of the recent flow event and because infiltration 
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was observed at CPD-4, it was assumed that recently infiltrated surface 

water, mixed with ground water, was sampled at CDP-1. 

During subsequent sampling of dr.ivepoints and wells at 

Chambers, in December 1988, Eh was measured (figure 20). Lower Eh was 

measured immediately under the stream and in the deep-alluvial wells 

than was measured in shallow- and middle-alluvial wells. Eh similar to 

that measured at CDP-1 has been measured in drivepoints at other 

locations in the Puerco River channel upstream of the Chambers site. 

Effluent discharged from the Gallup sewage-treatment plant contributes 

organics to the stream and may also contribute to the relatively 

reducing conditions found under the stream. Elevated manganese and 

iron concentrations were observed immediately under the Puerco River at 

Chambers when compared with concentrations observed laterally from the 

stream and dissolved organic-carbon concentration was approximately 5-

times greater (table 8). Dissolved organic matter in ground water can 

contribute to metal oxide reduction (Hem, 1985) and may explain 

increases observed in dissolved manganese and iron concentrations under 

the stream. 
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Figure 20.—Measured Eh in wells and drive points, in Volts. 

(Cross section is oriented approximately normal to the stream and 

has a 4—to—1 vertical exaggeration. Well locations are approximate.) 

CW-7, 8 and 9 

PUERCO RIVER LAKD SURFACE CW-4, 5 and 6 

CDP-1, 3 (CW-1. 2 and 3) 

.27 ALLUVIUM .28 (.20) 

.23 
.08 (.16) 

o 

APPROXIMATELY 500 FT 

Iron 

The most common form of iron in solution in ground water is 

2+ 
the ferrous ion Fe , however, the availablity of iron for aqueous 

solutions is strikingly affected by environmental conditions, 

especially changes in degree or intensity of oxidation or reduction. 

Surface water that is fully aerated should not contain more than a few 

micrograms per liter of dissolved iron at equilibrium in the pH range 

of about 6.5 to 8.5. However, in that pH range, the maintenance of an 

Eh below 0.20 and above -0.10 V can permit considerable dissolved 

ferrous iron concentration (Hem, 1985). 
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Figure 20.—Measured Eh in wells and drive paints, in Volts. 

(Cross section is oriented approximately normal to the stream and 

has a 4-to-1 vertical exaggeration. Well locations are approximate.) 

CW-7, 8 and 9 

PUERCO RIVER LAND SURFACE CW—4. 5 and 6 

CDP—1, 3 
(CW-1, 2 and 3) 

I -27 ALLUVIUM 

23 

.28 (.20) 

.08 (.16) 

APPROXIMATELY 500 FT 

Iron 

The most common form of iron in solution in ground water is 

2+ 
the ferrous ion Fe , however, the availablity of iron for aqueous 

solutions is strikingly affected by environmental conditions, 

especially changes in degree or intensity of oxidation or reduction. 

Surface water that is fully aerated should not contain more than a few 

micrograms per liter of dissolved iron at equilibrium in the pH range 

of about 6.5 to 8.5. However, in that pH range, the maintenance of an 

Eh below 0.20 and above -0.10 V can permit considerable dissolved 

ferrous iron concentration (Hem, 1985). 
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The distribution of dissolved iron in December 1988 at 

Chambers is shown in figure 21. Measured pH was between 7.2 and 7.6. 

Measured Eh, dissolved iron concentration, and sample depth are 

compared on figure 22. The correlation coefficient between dissolved 

iron concentration and Eh was -0.90. The recommended limit for iron in 

drinking water of 0.3 mg/L was exceeded in 4 of 12 samples at Chambers 

(NAS-NAE, 1972). 

Figure 21.—Dissolved Iron concentration in wells and drive points, in microgram per liter. 

(Cross section is oriented approximately normal to the stream and 

has a 4-to-1 vertical exaggeration. Well locations are approximate.) 

ON—7, 8 and 9 

PUERCO RIVER LAND SURFACE CW—4, 5 and 6 

CDP-1, 3 
(CW-1, 2 and 3) 

780 20 (20) ALLUVIUM 

290 (30) 

o 

APPROXIMATELY 500 FT 
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Eh. IN VOLTS 
0.3 0.2 0.1 

CW 1.2 and 3 

100 
0.4 0.6 

IRON. IN MICROGRAMS PER LITER 
u. Eh. IN VOLTS 

0.3 0.2 

Hi 

CW 4. 5 and 6 

100 
0 0.4 0.8 1.2 

IRON. IN MICROGRAMS PER LITER 

Eh. IN VOLTS 
0.3 0.2 0.1 0 

5 -

I • | . 

* 
-

10 -
fS 

-

15i •-* -

20 - Drive point -

25 . . .  1  i  i 

IRON, IN MICROGRAMS PER LITER 

Figure 22.—Comparison of dissolved-iron concentration, 

Eh, and depth in wells and drive points. 
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Manganese 

The chemistry of manganese is similar to that of iron in that 

both metals precipitate under reduced conditions as oxides or 

hydroxides. Ground water may contain more than 1.0 mg/L of manganese 

under some circumstances, frequently accompanied by large iron 

concentrations. Excessive manganese concentrations have been reported 

in wells withdrawing water from gravel deposits adjacent to or within 

stream channels. Manganese oxide coatings on sand grains may be 

2+ 
reduced to Mn and solubilized by organic solutes (Hem, 1985). This 

process may explain manganese concentrations observed at Chambers 

(figure 23), particularily the large concentration immediately under 

the stream in drivepoint CDP-1. 

Manganese is an undesirable impurity in water supplies with a 

recommended upper limit in public water supplies in the United States 

of 0.05 mg/L (50 ug/L) (NAS-NAE, 1972). That recommended limit is 

exceeded in 6 of 12 ground water samples collected at Chambers. 
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Figure 23. —Dissolved manganese concentralion in wells and drive points, in micrograms per liter. 

(Cross section is oriented approximately normal to the stream and 

has a 4—to—1 vertical exaggeration. Well locations are approximate.) 

CW-7, 8 and 9 

PUERCO RIVER 
LAND SURFACE CW—4, 5 and 6 

(CW-1, 2 and 3) 

3200 
100 

10 (30) ALLUVIUM 

460 
660 (190) 

o 

APPROXIMATELY 500 FT 

Uranium 

Uranium has several isotopes, of which uranium-238 is 

predominant. This nuclide is only weakly radioactive with a half life 

9 
of 4.5X10 years and is the starting point of a radioactive-decay 

series that ends with the stable isotope lead-206 (figure 2). The 

4+ 
uranium valances stable in geologic environments are the uranous (U ) 

6 4* 
and uranyl (U ) states, the former being far less soluble (Landa, 

1980) . 
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Uranium concentrations at Chambers are shown on figure 24 and 

the relations between uranium concentration, Eh, and sample depth are 

compared on figure 25. The recommended limit for uranium in drinking 

water is 35 ug/L (EPA, 1982). All ground water samples collected at 

Chambers met that limit. Unlike iron, uranium concentration at 

Chambers does not correlate with Eh, however, it correlates well with 

depth (-0.84), This suggests that uranium mobility is not affected by 

Eh in the range observed at Chambers and that the stream is, or was, a 

source of uranium to the alluvial aquifer. 

Figure 24.——Dissolved uranium concentration in wells and drive points, in micrograms per liter. 

(Cross section is oriented approximately normal to the stream and 

has a 4—to—I vertical exaggeration. Well locotions ore approximate.) 

PUERCO RIVER 
LAND SURFACE CW-4, 5 and 6 
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Figure 25.-Comparison of dissolved-uranium concentration, 

Eh, and depth at Chambers. 
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Processes Controlling the Mobility of Uranium 

Dissolved gross-alpha activities in the Puerco River at 

Chambers during mining were large compared with activites in monitor 

wells and drivepoints. Because mine dewatering effluent discharges 

contained relatively large concentrations of dissolved uranium (table 

1), it is assumed that a significant portion of the dissolved gross-

alpha measured in mine effluents is accounted for by uranium. 

Geochemical processes related to sediments in the surface water, clays 

and other sediments in the aquifer, and chemistry of the ground water 

may be reducing the uranium concentration before the recharge water is 

sampled at wells or drivepoints. 

Two of the processes that are responsible for removal of 

uranium from water as it moves through the aquifer are chemical 

reactions and sorption. One chemical process that could remove uranium 

from solution is the precipitation of a mineral containing uranium as a 

result of supersaturation (Stumm and Morgan, 1970). Sorption involves 

many processes, including ion exchange of charged uranium complexes 

with other cations on clays (Beard and others, 1980), adsorption on the 

surfaces of particles, and reactions with organic compounds that cause 

adsorption, ion exchange, or uptake by plants (Landa, 1980). 

To determine speciation of uranium complexes and to test the 

importance of chemical reactions, a solution-equilibrium computer model 

that includes the reactions involving uranium (Kharaka and others, 

1988) was used. Thermodynamic data for uranium are given by Langmuir 

(1978). Speciation of uranium complexes was calculated using dissolved 

concentrations listed in table 8 for selected wells and drivepoints. 

The solubility of uranium minerals was determined using dissolved 

concentrations for CDP-1 for several values of Eh and for two 

concentrations of uranium. 

The solution-equilibrium model apportions measured 

concentrations of an element or compound among different chemical 
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species. The species include cations, or positively charged ions; 

anions, or negatively charged ions; and complexes, which can be 

positively charged, negatively charged, or electrically neutral 

compounds. The ability of the chemical species to remain in solution 

is determined by the Gibbs free energy difference ^^diff^ ̂ etween 

the actual and equilibrium states of the minerals that could form as a 

result of precipitation of the chemical species. If AG^^ is greater 

than 0 kilocalories (kcal/mole) for a chemical reaction, precipitation 

may occur; if is less than 0 kcal/mole, dissolution of the 

mineral may occur if it is present in the aquifer (Kharaka and others, 

1988). Stumm and Morgan (1970), Hem (1985), and Kharaka and others 

(1988) give more information on the chemical reactions. 

The concentrations from two drivepoints and five wells 

sampled in December 1989 (table 8) were used in the solution-

equilibrium model to calculate speciation of uranium complexes. Input 

4*2 w 3 
values of pH, Eh, uranium (as UC>2 ), phosphate (as P0^~ ), and 

carbonate (as HCO^ ); and calculated values and percent of total 

uranium in solution of the two dominant uranium species, uranium 

- 2  - 2  phosphate (Uf^HPO^)^ ) and uranium carbonate (UC^CO^^ ). are 

listed in table 9. 

Sorption is a potential mechanism that may decrease the 

amount of uranium in solution. Uranium is strongly sorbed into organic 

compounds or clays, although the peak sorption occurs at pH levels 

between 5 and 6 (Ames and Rai, 1978). Uranium complexes change from 

being cationic, or positively charged, to anionic, or negatively 

charged, at a pH of around 6 (Ames and Rai, 1978; Langmuir, 1978), 

Uranium can be adsorbed onto particles with amorphous iron oxyhydroxide 

coatings, and the amount of adsorption is greatest between pH levels of 

5.5 and 8.5 (Langmuir, 1978; Hsi and Langmuir, 1985)). However, Hsi 

and Langmuir (1985) found that uranyl carbonate complexing severely 
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inhibited adsorption. Table 9 indicates that uranyl carbonate and 

uranyl phosphate complexes dominate in ground-water at Chambers, 

possibly reducing the amount of uranium sorption occurring. 

Table 9.--Calculated uranium speciation using the solution-equilibrium 
model for samples of ground water from selected wells and drivepoints. 

[Thermodynamic data for uranium are from Langmuir, 1978. Values are 
expressed in milligrams per liter (mg/L). Percent, under calculated 
values, is percent of total uranium in solution.] 

Measured values Calculated values 

Well pH Eh U02 PC»4"3 HC03" U02(HP0A)2"2 U02(C03)2"2 

(volts) (mg/L) (mg/L) (mg/L) (mg/L)(percent) (mg/L)(percent) 

CDP-1 7.6 0. .1 0, ,022 0, .09 135 0.032 86 0, .0037 14 

CDP-3 7.7 0, .2 0. ,022 0. .06 135 0.025 69 0, .0078 30 

CW-2 7.5 0, .26 0. ,008 0, .03 130 0.0014 11 0, .0084 87 

CW-4 7.3 0. .1 0. ,006 0, .01 141 0.0012 12 0, ,0060 86 

CW-5 7.3 0, .15 0. ,005 0, .01 144 0.0010 13 0, .0050 86 

CW-6 7.3 0, ,28 0. ,011 0, ,01 157 0.0019 10 0. ,0124 89 

CW-9 7.2 0. .3 0. ,015. 0. .01 188 0.0022 9 0, .0163 90 
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The concentrations in water samples collected December 1989 

from drivepoint CDP-1 (table 8) were used in the solution-equilibrium 

model to determine the solubility of uranium minerals. CDP-1 was used 

because it represents the closest sampled ground water to the stream, 

had one of the largest measured concentrations of uranium (0.019 mg/L), 

and had a relatively lower measured Eh (+0.1 V). Uranium bearing 

minerals that could precipitate from ground water have negative values 

of AG^^. This result indicates that uranium should not precipitate 

out of ground water. 

To test whether the waters were close to saturation, the 

concentrations also were input into the solution-equiilibrium model 

with several lower values of Eh and with the measured Eh and 10-times 

the measured uranium concentration (table 10). Using the measured 

uranium concentration of 0.019 mg/L, all values of remained 

negative until Eh was reduced to below about -0.12 V. That value of Eh 

is significantly lower than any measured value at the site, indicating 

that uranium should not precipitate out of the ground water. Minerals 

for which no AG^.^ value is given at Eh values greater than -0.1 V, 

for example uraninite, are formed by precipitation of the uranous ion 

4+ 
(U ). At Eh greater than about -0.1 V and total dissolved uranium 

concentration of 0.019 mg/L, the molality of U +̂ calculated by the 

model is less than 1.0*10 ̂ , and U +̂ is dropped from the model. 

Minerals that show only small change in AG^^ with change in Eh, for 

example rutherfordine, are formed by the precipitation of the uranyl 

6+ 
ion (U ). At Eh values between +0.1 V and -0.2 V most of the total 

dissolved uranium is still U +̂, therefore, saturation of those minerals 

is not greatly effected. However, as shown in table 10, several 

minerals do become supersaturated greater than zero) when 

uranium concentration is increased to 0.19 mg/L. In light of the 

history of radionuclide concentrations in the Puerco River, this 
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suggests that greater uranium concentration is a more likely mechanism 

to result in precipitation of uranium minerals than is lowering of Eh. 
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Table 10.--Values of for minerals of uranium in a sample of 

ground water from CDP-1 with uranium concentrations of 0.19 and 0.019 
mg/L and Eh values of +0.1, -0.11, -0.13, and -0.2 volts. 
[Values are presented as Gibbs free energy difference between the actual 

and equilibrium states of a mineral in kilocalories per mole. 

Only minerals with AG^^ values greater that -10. are shown. Missing 

AG^^ values were not output by the computer program.] 

Solid-phase mineral 

Formula Name 

AGdiff 
Eh (volts) 

+0.101 +0.102 -0.112 -0.132 -0.202 

uo2co3 

UO-

U02(0H)2 

CaU(HP04)2 

U3°8 

uo. 

uo. 

U4°9 

USiO, 

Rutherfordine 

Clarkeite 

Ningyoite 

Uraninite, Amorph. 

Uraninite 

Coffinite 

Na2(U02)2(P0^)2 Autunite, Na 

Ca(U02)2(P0^)2 Autunite 

UO2(OH)2 

CaUO. 4 

BaUO, 

Schoepite 

0.60 

-5.27 

-2.60 

-8.07 

-4.98 

-5.79 

1.88 

1.67 

1.96 

-3.94 

-6.23 

-0.86 

0.97 

-7.14 

-1.60 -1.60 -1.60 -1.61 

-7.48 -7.48 -7.48 -7,48 

-4.81 -4.81 -4.81 -4.81 

•8.98 -8.05 -4.83 

-21.3 -11.6 -10.7 -7.47 

-8.00 -7.08 -3.85 

-0.32 0.60 3.82 

-7.17 -4.40 5.27 

-0.25 0.67 3.90 

-7.06 -7.06 -7.06 -7.06 

•9.35 -9.35 -9.35 -9.36 

-3.07 -3.07 -3.07 -3.08 

-1.24 -1.24 -1.24 -1.24 

-9.35 -9.35 -9.35 -9.36 

^"Uranium concentration of 0.19 mg/L. 
2 Uranium concentration of 0.019 mg/L. 



81 

Discussion of Water-Quality Findings 

Dissolved uranium concentrations in all wells and drivepoints 

are below the recommended limit specified by EPA. Recalling that the 

median dissolved gross-alpha activity in the Puerco River during mining 

years was 68 pCi/L, it is noteworthy that dissolved gross alpha minus 

uranium and radon in all samples meets the EPA MCL of 15 pCi/L. The 

largest dissolved gross-alpha measured, not subtracting uranium, was 16 

pCi/L. Direct evidence of infiltration during stream flow was 

presented in the section "Flow relations between surface water and 

ground water." Evidence was also presented suggesting that ground

water discharge by evapotranspiration exceeds recharge, resulting 

dominantly in ground-water flow towards the stream. If no additional 

processes were effecting dissolved uranium concentrations and dissolved 

gross-alpha activities, larger activities might be expected in near-

stream ground-water today. 

Several processes may be affecting dissolved gross-alpha and 

uranium concentrations in ground water. Three of those processes which 

would tend to reduce concentrations are mixing with background water, 

sorption, and precipitation. One process which would tend to increase 

concentrations is evaporative concentration. Based on geochemical 

modeling, precipitation is not occurring, however, it could have 

occurred at the relatively greater uranium concentrations expected 

during mine dewatering. Some evaporative concentration may be 

occurring, however, neither chloride nor sodium concentrations are 

larger in drivepoints compared with wells (table 8). This suggests 

that changes in concentrations resulting from evaporative concentration 

are probably small. Mixing is undoubtedly occurring, however, based on 

the conceptual model of the flow system developed here, contaminants 

entering the alluvial aquifer from the stream would tend to remain near 

the stream. If no chemical process were removing them, then elevated 

concentrations would still be expected. This leads to the conclusion 

that either sorption of uranium on sediments or precipitation of 

uranium minerals has occurred. This conclusion is partly supported by 



82 

correlation between solid-phase uranium concentration and percent fine 

material in samples and by the inverse (although low) correlation to 

distance from the stream. This conclusion is also supported by studies 

by Hsi and Langmuir (1985) that showed strong adsorption of uranyl 

species on iron oxide materials. 

SUGGESTIONS FOR ADDITIONAL STUDIES 

Similar studies to the Chambers study presented here are 

being carried out at five other sites between Chambers and Gallup as 

part of the five-year U.S. Geological Survey study. Results of the six 

site-specific studies, including the Chambers site described here, will 

be integrated to describe the occurrence and movement of radionuclides 

in the alluvial aquifer, estimate the movement of contaminants from the 

stream into the aquifer, and evaluate potential movement between the 

aquifer and underlying bedrock formations. Additionally, drivepoints 

have been sampled from upstream of the mines in New Mexico to the 

Little Colorado River west of Holbrook, Arizona. A focus of these 

studies is to better quantify the water budget between the stream and 

the alluvial aquifer, particularily under low steady-flow conditions 

similar to flow during mine dewatering. Sources of water to the 

alluvial aquifer are also being evaluated using chemical isotopes. 

Detailed investigation of uranium sorption on sediments from the Puerco 

River bed would also be of value. 

CONCLUSIONS 

The objective of this study was to evaluate flow and water 

quality relations between surface water and ground water in the Puerco 

River basin near Chambers, Arizona. The major benefit of this 

evaluation would be an understanding of the impact, if any, that water 

of poor quality in the Puerco River may have had on the quality of 

alluvial ground-water. Of specific concern were the effects that 
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uranium mining in the headwaters of the Puerco River may have had on 

water resources downstream. An adaquate understanding was achieved to 

meet this objective. While direct interactions of flow and water 

quality were observed and modeled, a significant adverse impact of 

surface water on alluvial ground-water quality, as determined by 

comparison with EPA drinking water standards, was not observed. 

During stream flow there is infiltration and saturated 

contact between the stream and alluvial aquifer. The aquifer responds 

rapidly to changes in stream stage as a semi-confined unit, possibly 

subject to delayed yield of water to and from storage in clay layers. 

Hydraulic conductivity of the alluvial material was estimated as from 

2.4 to 16 ft/day using slug tests with a median value of 3.9 ft/day. 

Hydraulic conductivity of a well screened in the underlying Chinle 

Formation was estimated as 0.14 ft/day. Periodic and recorded water-

levels in wells indicate horizontal flow is down-valley and vertical 

flow is up toward the streambed. Observations in the streambed 

indicate evapotranspiration is occurring. The dominance of vertical 

flow toward the stream suggests that discharge at the streambed by 

evapotranspiration exceeds recharge from stream-flow events. Periodic 

water-level measurements also indicate that flow between the alluvial 

aquifer and the underlying Chinle Formation is downward. 

Chemical analyses show a zone of lower Eh immediately under 

the streambed that may result from chemical reactions involving 

dissolved organic carbon in recently infiltrated surface water. 

Dissolved organic carbon concentrations may be enhanced by discharge of 

treated sewage effluent to the Puerco River near Gallup, New Mexico. 

Lower Eh corresponds with greater dissolved iron and manganese 

concentrations immediately under the stream. Solid-phase chemical 

analyses and literature sources suggest sorption of uranyl species on 

iron oxides near the streambed may be occurring. 

Median values of dissolved gross-alpha and dissolved gross-

beta activities were 1,390 and 232 pCi/L respectively in the Puerco 
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River upstream from Gallup, New Mexico prior to 1986, when uranium-mine 

effluent was discharged to the river. Those values compare with 7.5 

and 11 pCi/L for dissolved gross-alpha and gross-beta in samples 

collected after 1986. Median dissolved gross-alpha activity at 

Chambers was 68 pCi/L prior to 1986, compared with 7.4 pCi/L after 

1986. An inverse relation was observed between dissolved uranium and 

distance from the Puerco River in ground-water samples collected in 

December 1989. However, all ground-water samples met the EPA MCL's for 

radionuclides. Because all samples meet the EPA MCL's, and because 

dissolved radionuclide activities in surface water since the end of 

mining also meet the EPA MCL's, the alluvial aquifer is suitable as a 

source of water supply. 
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