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Effects of uranium mining discharges on
water quality in the Puerco River basin,
Arizona and New Mexico i .

' PETER C. VAN METRE* & JOHN R. GRAY :

US Geological Survey, WRD, 375 § Euchd Avenue: Tucson, Ariiona 85701
N 1293, USA |

Abstract From 1967 until 1686, uranwm mune dewalenng increased
dissolved gross alpha, gross beta, uramum and radium activities and
dissolved selenium and molybdenum concentrations in the Puerco River as
indicated by time treads, areal patterns 1avolving distance from the sunes
and stream discharge. Additionally, increased dissolved uranium concen-
trations were 1dentified in groundwater under the Puerco River from where
mine discharges entered the river (o approximately the Anzona-New
Mexico State hine about 65 km downstram. Total mass of uranium and
gross alpha activity released 1o the Puerco River by mune dewalering were
estimated as 560 Mg (560 x '0° g) and 260 Ci, respectively. In compa-
nson, a uramium mull tailings pond spill an 16 July 1979, released an esti-
mated 1.5 Mg of uramum and 46 Ci of gross alpha activity Mass balance
calculations for alluvial ground water indicate that most cf the uranium
released did not remain in solution Sorpuion of ur<rium on sediments and
uptake of uranium by plants probably remoyed the uranium from solution.

Effets des rejets provenant de I'exploitation des mines
d'uranium sur la qualité des eaux du bassin du fNeuve Puerco,
en Arizona et au Nouveau-Mevique

Résumé De 1967 4 1986, les operationsdessorage des mines d uranium
ont eu pour effet d"augmenter les radioactin ités alpha (s aleur approchée),
beta (valeus approchée), uranium et radium en solution, ainsi que les
concentrations en sélénium et moly bdene dissous. dans le fleuve Puerco, !
comme 1'ont mus en évidence les relations liant ces valeurs aus facteurs de :
temps, distance aux mine ¢t débit. En outre, des concentralions &crues

d'uranium dissous ont été 1dentifides dams le réseau de nappes aquiferes

sous le fleuve Puerco, dans un secteur s'éendant du point ou les effluents

muniers débouchent dans le fleuve jusqu'au voisinage approximatif de la

hgne de démarcation entre 1'Anzona @ le Nouveau-Menique, 4 une

distance d"environ 65kmenaval Au total, la masse d'uramumet I'activité

alpha (valeur approchée) déversées dans ke fleuse Puerco par le prox édé

d'essorage minier omt é¢ estimdes, respectivement, & 560 Mg (560

x 10% g) et 260 Ci. Par comparaison. le déhordement du bassin i résidus

de I'usine d"uranium, survenu le 16 juillet 1979, a rejeté dans be flewve des

quantités évaluées & 1.5 My d'uranium et 46 Ci d'activité alpha (valeur

approchée). Les calculs d'é(rnhhre des masses pour les eaux souterraines

alluviales indiquent que la plus grande partie de I'uranium rejeté n'est pas

restée en solution. L'absorption de 1'uraium par les dépdts sédimentaire

et par les végétaux ot probahiement éhiminé 'uranium de la solution.

eNow st USGS WRD, 8011 Canwron Road. Austin, Texas TK7534700 USA
Open for duscussion wnnl | Apl 1993
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44 Peier C. Van Metre & Jehn R Gray

INTRODUCTION

The Puerco River, in the southeastern part of the Colorado Plateau (Fig. 1), is
an ephemeral stream that drains about 7800 km® ajong its 230 km length. The
headwaters are in the uranium-rich Grants Mineral Belt of parthwestern New
Mexico. Uranium mine dewatering from 1967 until 1586 and a tailings pond
dike failure in July 1979 resulted in releases of radionuclides and other trace
constituents 1o the Puerco River (Weimer er al . 1981 Gallaher & Cary, 1986).
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Fig. 1 Pucrco River basin in Arizona and New Mexico.

Previous studies of the effects of uranium mining discharges on water
quality in th: Puerco River hasin have documented greater selenium,
molybdenum and uranium con.entrations and gross alpha activities in mine-
related discharges than in runott. Greater concentrations of those constituents
also wers found in some shallow wells near the Puerco River between the
mines and Gallup, New Mexico (Gallaher & Cary, 1986). and increased
concentrations of selected radionuclides were found in Jownstream stream bed
sediments after the 1979 tailings pond failure (Weimer e/ al., 1981).

In this report, results of a study that expanded on an ear'ier evaluation
by Galiaher & Cary (1986) are presented. The study included ana! yses of addi-
tional chemical constituents, incorporated data collected after mine dewatering
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ceased in Fehruary 1986, and evaluated the relationships of chemical con-
stituents 10 stream discharge and to distance downstieam from the mines. Total
releases of uranium and gross alpha activi'; by dewatering and by the tailings
pond spill were estimated. The likely fate of uranium released by the mines in
alluvial ground water was evaluated using mass balance calculations.

Data used for these analyses were primarily from four sources: the US
Geological Survey (USGS), the New Mexico Environmental Improvement
Division (NMEID), the US Environmental Protection Agency (EPA, data
reported to EPA by United Nuclear Corporation and Kerr-McGee Corpora-
tion), and the Arizona Department of Health Services. Data collected prior to
October 1988 were compiled by Wirt ¢f o/ (1991). Mine dewatering discharge
data were from Perkins & Goad (1980), Gallaher & Cary (1986) and in written
summaries of discharges provided to the EPA by United Nuclear Corporation
and Kerr-Mc¢Gee Corporagtion

The amount of radinuchide in a give volume of water can he measured
and reported either as mass concentration or as activity. The relationship
between the concentration of the radionuchide, in ug I'', and the activity, in
pCi I'', is calculated from.

C=10°""wWTD (1

where: C = concentration (ug I''); W = atomic weight, T = half lite (s), and
D = activity (pCi 1)

Equation (1) indicates that the activity of an element is inversely
proportional to the halt lite. and theretore radionuchides with short halt lives
produce larger amounts of activity for the same concentration than radio-
nuchides with long halt lives

History of mining

Beginning in 1960. uranium was mined near Pipeline Arroyo (Fig. 1), a small
1vitatary 2o the Puerco River about 35 km northeast of Gallup, New Mexico.
From 1960 10 1961 and from 1967 1o 1986, dewatering of as many as three
uranium mines near Pipeline Arroyo maintained continuous stream flow in the
Puerco River from the mouth of pipeline Arroyo to as far as a few kilometres
downstream from Chambers. Arizona (Shuey. 1986). Eftfluent from the sewa
treatment plant in Gallup. about 37 km downstream from the mines. ai
contributed to this continuous flow.

Uranium mine shafis near Pipeline Arroyo averaged 500 m in depth.
Because the ore bodies being mined are helow the regional water tahle, water
seeping into shafts was pumped (0 prevent mine shaft flooding (Gallaher &
Cary, 1986) From 1967 until 1986, daily discharge rates frum mine
dewatering averaged ahout 023 m' ¢ (Perkins & Goad. 1980 US EPA
records on mine dewatering, 1979-1985)

L oewe -
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Before the mid- 1970s, untreated mine discharges from dewatering opera-
tions discharged directly into pipeline Arroyo (Gallaher & Cary, 1986).
Beginning in the mid-1970s, measures were taken to improve the quality of mine
waters discharged 1o watercourses to comply with limitations specified by
permits of the Federal National Pollution Discharge Elimination System
(NPDES). The mine discharges were treated in ponds using 2 flocculant and
barium chloride to reduce suspended solids concentrations and to coprecipitate
radium. Dissolved uranium concentrations were reduced by a separate ion
exchange treatment (Perkins & Goad, 1980) which reduced average concentra-
tion and activity of these constituents by ahout 88% from 1975 1o 1982 (Table 1).

Implementation of mine discharge treaiment for each of the three mines
near Pipeline Arroyo occurred over several years during the mid-1970s.
Uranium mining ceased in Fehruary 1985, and mine dewatering ceased in
February 1986.

On 16 June 1979. a tailings pond dike failed at the United Nuclear
Corporation uranium mill near Pipeline Arroyo. An estimated 360 000 m" of
uranium mine tailings hiquid and 1000 Mg of tailings were discharged to the
Puerco River through Pipeline Arroyo (Weimer er al. 1981). The pH of the
taitings liquid was ahout 1.6, and the total gross alpha activity was estimated
as 130000 pCi 1! (US EPA. 1982)

Table I Comparison of uranium concentrations and radium-226
activities from unfiltered samples of mine effluent in 1975 and

1981-1982
Constituent Flow -w oiphicd means
1978 Numberof 19811982 Number of
samples amples
Total radium™ (pCi 1) 712 2 1048 15
Total weanm vatunl g 1Y) 7 28 p 2 i0 14

from Galluher & Gary (198 1 KD)

EFFECT OF MINE DEWATERING ON WATER QUALITY OF
STREAM FLOW

An assessment of mine-Jewatering eftects on water quality in the Puerco River
was made by compariny the oceurrence of selected water quality constituents
with three factors: time. distance downstream from the mines and discharge
Constituent concentrations in stream flow at a given location were expected 10
decrease with time from the early 1970s umtil afier 1986 as mine discharge
treatment systems were implemented and as mine discharges finally ceased
Constituent concentrations were also expected to decrease with distance down-
stream from the mines hecanse of chemical reactions such as sorption on

et o comisicdnlniiiiiiiidly
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stream channel sediments and precipitation and because of dilution by runoff
and treated waste water effluent discharge from the city of Gallup. Addi-
tionally, constituent concentrations were expected to vary inversely with
discharge at a given locaton because of dilution.

Selected water quality constituents analysed for this assessment included
uranium, radium, molybdenum and selenium, which commonly occur in
uranium deposits (Hem, 1985, Gallaher & Cary, 1986, Brandvold er al.,
1981). Additionally, dissolved and suspended gross alpha and gross beta
activities were analysed 10 assess the overall radiological effect of mine
dewatering on stream water quality and the relative effect of dewatering on
dissolved and suspended activities. Because this analysis focusad on evaluation
of effects of mine dewatering on water quality, samples collected on the day
of the tailings pond spill and for | month thereafier were excluded. The
I month period was hased on a review of gross alpha activities in the Puerco
River at Gallup (Fig. 1). which returned to pre-spill levels within about
3 weeks after the spill at that location (Wirt er @/, 1991).

Almost no sediment was discharged to the Pueico River in mine
dewatering discharges because these discharges were impcunded in settling
ponds before being released to the stream. The predominant effect of mine dis-
charges on water quality. therefore, was expected to be on the dissolved phase
and not on the suspended phase of the chemical constituent of concern. If that
hypothesis were correct, the dissolved activities would show distinct inverse
relationshipsto time, distance downstream and discharge, whereas the suspen'ed
activities would not necessarily exhibit these time trends or areal patterns.

Relationship of constituent concentrations with time

The time series tor samples collected near Gallup for each of the eight water
quality constituents inciuded in this analysis are shown on Fig. 2. Only samples
collected in the 6 km reach upstream from the Gallup waste water treatment
plant outtall were used in this analysis to minimize the variance caused by
distance from the mines and dilution by mixing. Correlations (r) and
Spearman’s rank correlations (r,: Iman & Conover, 1983) were computed
between time and each constituent as @ measure of the linear relationships
between the variables and the ranks of variables (Fig. 2). In this case, the
hypothesis tested was that the population correlation coefticient was equal to 0
(H:r = 0) at a confilence level of 95%. If the magnitude of the test statistic
(1) was greater than 7 at the 95% confidence level (1), the bypothesis was
rejected (Haan, 1977, p. 223). Rejection of the hypcthesis implies that the
correlation coefficient is not zero, and a siatistically significant relationship
exists between that constituent and time for the period of available data

A statistically significant decrease in activities of dissolved uranium,
ralium, gross alpha and gross beta occurred over time, but no significant
chinges in suspended gross alpha and gross beta activities or in dissolved
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molybdenum and dissolved selemum concentrations occurred with time
(Table 2 and Fig. 2). A 2-year moving average of each constituent (shown as
a bold line on Fig 2) was calculated by taking the mean of all samples within

2-year ranges centred on l-vear intervals; the moving average suggests a
deuease in dissolved concentrations ot molybdenum and selenium since the
time that mine dewatering ceased. Suspended gross alpha and gross beta
activities do not show a stac:stically signiticant change from the mining phase
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10 post-mining phase. This conclusion supports the hypothesis that mine
discharges increased dissolved activities in stream flow but did not increase
suspended activities The noving averages of dissolved gross alpha activities
and uranium concentrations ‘n the late 1970s were approximate! y 200 times and
100 times the moving averages in the late 1980s, respectively (Fig. 2).

Table 2 Correlation cocfficients ana test statistics for water
quality constituents in relation to time ina 5 km reach near
Gallup. New Meiico

Constituen Carrelation Tew statistig Con: lusion Significant
m£¢ trend
’ A i A [ th r=0)
Divsolved gros -0 88 -0 &6 130 131 200 Re et Yes
sipha

aa's.wlvcd pros ~0Mm -083 804 961 202 Reject Yes
Supendedgrons -0 |8 -0 4 121 088 204 Do not No
alpra reject

g:nf-vndcdgruu 028 024 157 149 204 Do noi No
" reject

Dissolved uranum -0 $5§ ~-0587 39 420 204 Reject Yes
Dissolved mdwm -0 48 -0 60 251 341 208 Repenn Yes

Dissolved =016 o LIS 164 20 Do not No

molybdenum reject

Dissolved slemum -0 |y 014 84 110 200 Do not Mo
reye.

rocomehiion coefMicwent. r, Spearman’s rank correlanon coefMivient, 1 lest sanstic
bascd on . 1, wst satisti. hased on fu: oo lest statisic a1 the 957 confidence hevel,
and Hr=0 a gaiument of the hypothesis that correlation ¢oefMicients are equal w 2ero
being tesicd by the Lomparison of 1 vahues 10 lygs

Relationship « * constituent concentrations with distance downstream from
the mines

Relationships between the concentrations of the eight water quality constituents
and distance downstream from the mines for samples collected from 1975 until
1984 are shown on Fig. 3. The bold line on Fig. 3 represents a moving
average of the data calvulated as the mean of all samples falling within 20 km
reaches centred on 5 km intervals. Much of the variance about the mean
probably can be atributed 1o effects of changes in mine discharge treatment
practices over time and to dilution caused by variations in stream discharge.
Concentrations and activities of dissolved constituents decreased with distance
downstream. The reduction in concentration dow nstream from the Gallup waste
water treatment plant, about 40 km downstream from the mines, was cavsed
by mixing with waste water containing smaller concentrations of those consti-
tuents. A significant trend was not observed between suspended radionuch!
activities and distance. even in the reach downstream from the waste wz
treatment plant in Gallup

Correlation coetficients, r and 7,, and test statistics, ¢ and 1, and 1y, were
determined for each constituent (Table 3). Correlation coefficients that were
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significantly different from zero were ohserved for all dissolved constituents
and activities. Decreases in constituent concentrations and activities with
distance downstream from the mines can he anributed to dilutionby a combina-
tion of runoff and treated waste water and possibly to chemical reactions and
’ sorption on stream channel sediments. Such inverse relations prove that mine
effluents contained larger concentrations or activities of those constituents
compared with runoff and sewage effluent. Mine dewatering increased
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dissolved concentrations of all constituents except radium in the Puerco River
for a distance of 100 km or more downstream from the mines (Fig. 3).

Increased dissolved gross alpha activities, when compared with activities
in runoff, persisted for more than 200 km downstream, possibly to the mouth
of the Puerco River at the Linle Colorado River (Fig. 4) The mean dissolved
gross alpha activity of the Puerco River at Chambers, 135 km downstream
from the mines, during dewatering years until eardy 1986 was 74 pCi |
compared with 5.9 pCi I'' after dewatering ceased.

Table 3 Correlation coefficients and test statistics for water
qualiry constitucnts in relation to distance from the mines, 1975-
1984

Constituent Correlatom Test satisiic Conx lusion S'o‘;”nd-ﬁnnl
r rn, i 1 ™ thr = Q) ’

Rumhcd gross =070 082 742 105 200 Reject Yes

alpha

as.mlndgron =071 -084 729 109 200 Repect Yes
1

Slut ¢nded gross 010 -019 0582 106 20 No
L]

Dy e
phe feject
g:sf:ndcdgmu 022 -013 121 073 204 Do No
\ rejedt
Disslveduranium 070 -070 599 606 204 Repeut Yet
Discilved adium  -076 -066 531 407 207 Reject Yes

Dissolved 044 ~0d7 453 492 199 Rejpent Yes
molyhdenum

Dissobved selenium =038 -049 4 2} ST 198 Repest Yes

rcorrelation coeflicwm. r, Spearnan’s rank correlawon coefMicient, © test matistic
based on o 1 test stausii based on 7, 1, ks slause 8t the 9% comfidence devel.
and Hr = 0 a siatement of & hypothesis that correlation coefMicients are equal 10
zero being \osied by e conpanson of 1 values W 1y

Relationships of constituent concentrations with stream discharge

A few samples of constituent concentrations were analysed concurrent with
measured discharge. Fourteen of those samiples were collected for analyses of
five of the six dissolved construents. The samples were collected a three sites
in the Puerco River between the mines and Gallup from 1975 until 1984
(Fig. 5). Molybdenum was excluded from this analysis because discharge was
known for unly four samples from 1975 until 1984 Twenty-three measure-
ments of suspended gross alpha and gross heia activity of the Puerco River at
four sites were made prior to 1986 concurrent with discharge between the
mines and Chambers (Fig 5). Sispended-phase samples collected between
Gallup and Chambers were incluced here hecause, unlike the dissolved-phase
canstituents, suspended activities did not appear to be significantly affected by
the addition of waste water treatment plant effluent Cownstream from Gallup
(Fig. 3)
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Correlation coefficients, 7. and test statistics, ¢ and ls, relating concen-
tration to the logarithm (base 10) of discharge (Table 4) were computed. The
correlation was signfficant for dissolved gross alpha and uranium activities and
for suspended gross dpha and gross beta activities. In the case of the suspended
acivities, a positive correlation is expected because suspended sedimem
concentrations tend to increase with discharge (Fig. §). The remaining
dissolved constituents showed weak inverse correlations to discharge, and the
hypothesis that the population correlations were significantly different from
Ze10 was not rejected.

ESTIMATION OF TOTAL MASS OF URANIUM AND GROSS
ALPHA ACTIVITY RELEASED BY MINE DEWATERING AND
THE TAILINGS POND SPILL

The total mass of wanium and total gross alpha activity released by mine
dewatering were estimated as 560 Mg and 260 Ci, respectively. Estimates were
made using historical water quality and mine discharge data (Table S). Because
those data were from a variety of sources and., in some cases. were collected
by undetermined mahods (for example. mine discharge flow rates), the
accuracy of the estimates is difficult to assess.

The mass of wanium and gross alpha activity released by the tailings
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pond spill on 16 July 1979 were also estimated. The volume of tailings solution
released was estimated as 360 000 m’ (Weimer er al . 1981). The concentration
of uranium in the tailings solution was measured on § February 1979 as
4.1 mg 1" (Weimer er al, 198 sample collected by RW. Miller, United
Nuclear Corporation) A representative sample of the tailings solution contained
130 000 pCiI' (US EPA, 1982) Multiplying those concentrations by the
volume of tailings solution released in the spill yields 1.5 Mg of uranium and
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constituenis, Puerco River, Arizona and New Mezxico, 1975-1984
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Table 4 Correlation coefficients and test statistics for water
qualify constituents in the Pucrco River inrelation to the logarithm
of discharge, 1975-1984
Constituent Corrclaron  Test statisii Conilusion ‘S'o'gafu‘nm
r ] ™ hr = 0)
Dissohved gross alpha =061 14 22 Reject Yes
Dissolved gross beta -0a {7 2. Do not repect  No
Suspended gross alpha 060 18] 207 Reject Yes
Suspendud gross beta 08l 641 10 Reject Yes
Dissobved uranium -063 180 28 Rejest Yes
Dissobved radium -02 on 218 Do not reyest No
Dissobved slemum -0 1.70 230 Do nat repest  No
v conelation coctfioicnl. ¢ kel satislic Dased 00 7 iy test statsic ol the 95%
confideme lesel. and M r = O a siatemwnt of (he hypaaesis that correlation coefTicients
ate equal 10 Zero buing aled by the companson of 1 vahus 10 1y
|
46 Ci of gross alpha radiosctivity. Comparing those amounts with the 560 Mg )
of uranium and 260 Ci of gross alpha activity released by dewatering indicates
that an estimated 380 times more uranium and an estimated 6 times more gross
alpha activity were released by dewatering than by the spill. The ratios of
uranium and of gross alpha released by dewatering and by the spill were
2.1 Mg Ci’ and 0.032 M- Ci'. respectively.
Dewatering released much larger amounts of uranium and gross alpha
1
; Table § Estimared releases of water, wranivm and gross alpha
radioactiviry by mine dewatcring, 1960-1986
;. Year Disharge Cun.cmtration Total releas
: Urs Grow Uranwm  Gross alph
o m's' A vear! m;;‘:‘\‘"“ rél i 'M Mr;mun :0“ .
t - 1960 0028 v s 43200 $ 17 2488
‘. 196: '003% 96 3 300 (8L 3588
- 1961 '0 1% 4770 N3 1o 346 153
1968 '0 18 4580 1738 3300 B a ug
196% 'O i3 4w 73 3300 X i2
1970 '0 23 #9460 1 3% 33300 30 4 1 |
; 1971 ‘033 7160 18 9300 39 339
t 173 1980 23 3300 (38 iy
1973 '0 35 1% 7.3 3300 $112 s |
2 1972 '03s W30 3734 13300 £ B
g moen HE AR A 4 '
H R #3950 4o 238 133 §9s )
97 '0 34 10200 "0 ‘\288 107 645
v %1 I T o 100 60)
1920 *v 33 10000 o '600 190 6.03
y x 198 02 T 0 600 0 i
! 1982 %032 2040 o %00 704 B
1 1983 %017 £370 10 ‘600 $.37 N
1984 Y019 4570 ' 0 600 597 13
| 1988 %019 970 10 600 597 5
Summan 141500 5593 280 1

1 Perbins & Goad 1980 Tabk 11 p 22,2 Gallaher & Cary, 1986 Table 72, ¢ 92,
3 Gallaher & Cann 1986, Tahle 7.1, p. 81 4 Esimaied on assuinphion of gradual
inplementation of iroatnwa 5 Galluher & Cary, 1986. Table 73 p B33, and &
summariced from US Envwonmental Protestion Agemy records on nune dewatenng,
1979-19%5




Effecrs of wranuonm minng discharges on water qualiny 475

activity than did the spill. however, concentrations of alpha emitters other than
uranium, including radium and thorium, were smaller in dewatering discharges.
Concentration of thorium-230 in the tailings solution was 12 000 pCil',
compared with 0 10 210 pCi I'' in untreated dewatering etfluent (Gallaher &
Cary, 1986). Landa (1980, p. 5) noted that. although 90-95% of uranium in
ore is extracted in the milling process. most of the uranium decay products, .
which composed about 85% of the total radioactivity in the ore, remain with
the tailings. The smaller concentration of uranium in the tailings compared to
gross alpha activity results in a smaller ratio of uranium to gross alpha activity
in the tailings solution than in dewatering ¢ffluent. Most of the gross alpha
activity in the dewatering ettluent was caused by uranium. and most of the
gross alpha activity in the tailings solution was caused by alpha emitters other
than uranium.

At near neutral pH i oxidized water, uranium is more mohile than
radium and thorium (Landa. 1980, pp. 11, 16. 17). Thorium is subject to
extensive sorption by olay minerals and humic acid at near neutral pH (Ames
& Rai. 1978) The median percents by weight of suspended sediments finer
than 0.062 mm (silt sized) and 0.002 mm (¢lay sized) were 93% and 58%
respectively tor 21 samples collected trom the Puerco River during 1988 and |
1989. The median suspended sediment concentration tor those 21 samples was |
80 000 mg | ' indicating that large amounts of silt- and ¢lay-sized sediments are
available tor sorption in the Puerco River. The maximum gross alpha activity
measured by the US Geological Survey at Gallup on the duy of the tailings .
p~d spill was 38 000 pCit'. and ot the amount only 5200 pCil' was :
dissolved. For those reasons, it was expected that the radionuclides released by
the tailings pond spill would he more likely than radionuclides released by
dewatering 1o sarh onto seadiments and be transported out of the basin or
deposited in aggrading zones ot the channel. The much larger amount of
uranium released by dewatening discharges would he more likely to remain in !
solution, and. theretore. be more likely 1o infiltrate the alluvial aquiter under- 1
lying the Puerco River

|
AN EVALUATION OF THE FATE OF MINE-RELEASED :,
URANIUM IN ALLUVIAL GROUNDWATER |

l

Mass halance calculations were vsed to investigate the possible effect of mine- i
released uranium on alluvid groundwater quality and to evaluate the possible ;
fate of the uranium. The caleulations did not account for spatial variationy in
parameters and assumed & homogenous, well-mived system. Although such an
approach has many limitations and requires many assumptions, i can wovide
information on the potential magnitude ot the conteminant problem and. in
some cases, van indicate provesses attecting the contaminant of interest
The mass balance calculations assessed whether uranium released by
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mining is accounted for by the uranium in alluvial groundwater underlying the
reach of (the Puerco River that was subject 1o mine dewatering and flow from
Gre tailings pond spill. This part of the aquifer, refe. 10 as the modelled
system, consists of groundwater in the alluvial aquifer under the Puerco River
from the mouth of Pipeline Arroyo to Chamhers. If observed uranium in
groundwater does not account tor mine-released uranium, then the conclusion
is that some uranium is no longer in solution or has migrated away from the
modelled system The tollowing assumptions were made:

(a) the initial or hackground concentration of uranium in alluvial
groundwater was zero.

(b) mine dewatering and the tailings pond spill were the only sources of

. uranium to the modelled system;

(c) removal of uranium by entrainment of mine effluent in runoff out of the
modelied system could be estimated hy the percentage of time that
discharge exceeded the average mine dewatering discharge of0.23m' s
at Gallup, or 23%:

(d) removal of uraninm by transport in groundwate: to underlying aquifers
was negligible:

(¢) uptake of uranium hy plants was negligible,

(f) removal of uranium by groundwater pumping was negligible;

s (g) removal of uranium by chemical reactions and sorption was negligible;

.~

v -

- e O

f and
; (h) the alluvial aquifer is a well-mixed system

Assumptions (a) and (b) are conservative because if they are not met and
some uranium in alluvial groundwater occurs naturally, then it is more likely
that observed con.entrations will approximate or even exceed modelled concen-
trations and no conclusion regarding processes of pathways removing uranium
s is possible. Assumptions (¢) to (g) represent possible processes or pathways for
the removal of uranium from the system If modelled uranium concentration
significantly exverds observed concentrations. then uranium is leaving the
modelled system by one or more of those pathways. Assumption (h) is
necessary to the mass balance calculations and leads to 2 predicted average
concentration instead of spatially varying concentrations.

Gallaher & Cary (1986) reporied that continuous flow from mine
dewatering, mixed with sewage etfluent downstream from Gallup, extended
more than 80 km downstream from the mines beyond the Arizona-New Mexico
State line before all the water from these sources had either infiltrated or
/ evaporated. Shuey (1986) reported that continuous flow from these sources
4 extended 135 km downstream from the mines. Weimer er af. (1981) rep rted
{ that flow from the spill extended 30 10 40 km downstream from the Arizona-
i New Mexico State line. During February 1990, perennial flow caused only by
sewage effluent discharge was ohserved 1o etend from Gallup to downstream
from Chambers. During warmer, drier conditions in May 1990, perennial flow
. evaporated or infiltrated the aquifer within about 20 km downstream from
: Gallup and did not reach the Arizona-New Mexico State line On the basis of

- ———
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these observations. the asumption was made that most of the uranium in mine
effluents and the spill infilirated the alluvial aquifer within the 135 km reach
between the mines and Chambers '

Estimating the volume of water in storage in the alluvial aquifer between
the mines and Chambers required estimates of the areal extent, saturated thick-
ness, and porosity ot the aluvial aquifer. The areal extent of the aquifer between
the mines and Chambers was estimated as 210 km® from aerial photographs and
US Geological Survey guadrangle maps at 1:24 000 scale. Thickness of the
aquifer was estimated using the average saturated thickness of 10 monitor wells
that reached bedrock. dnlled in the reach from Manuelito, New Mexico, to
Chambers, Arizons. The average saturated thickness was thus estimated as
21 m. Porosity of the predominantly medium-fine sand aquiter was estimated as
30% (Freeze & Cherry. 1979, p. 37) Using those values, the volume of water
in storage in the alluvial aquiter was estimated as 1 3 x 10" 1.

Stream tlow was monitored at Gallup trom 1940 until 1946 and from
1977 until 1982 Betore mine dewatering began, stream flow in the Puerco
River at Gallup ex.eelded0.028 m' s " only 20% of the time During the period
stream flow was monitoral coincident with mine dewatering (1977 until 1982),
stream flow at Gallup exceeded the average mine dewatering discharge rate of
023 m' <! for 23% of the time. Assuming that all the mine-released uranium
was transported out of the modelled system whenever stream flow at Gallup
exceeded the average mine dew atering discharge rate (assumption (¢ 1) reduces
the estimated mass of uranium used in the mass balance caleulations by 23%.
The estimated mass of uramium releasal by dewatering and the spill. 560 Mg,
was thus reduced to 430 Mg That mass of uranium was then divided by
1.3 x 10" | to yield a concentration of 330 pg I, equivalent to about
230 pCi 1!

Calculated uramum concentration was then compared with measured
concentrations. Monitoring wells were sampled in 1988 and 1989 upstream
from the contluence of the Puerco River and Pipeline Arroyo to dow nstream
from Chamhers. Dissolial uranium concenirations in groundwater are shown
for 2 cross section of te alluvial aquiter under the Puerco River for the
monitored reach on the basis of the 1988 and 1989 sumples (Fig. 6. A to *'
on Fig. 1). A zone of inreased uranium concentrations in the alluvial aquifer,
in relation to concentratmns upstream from Pipeline Arroyo, is approximately
delineated by the 100 e 1! contour; however, uranium concentrations greater
than about 10 pug 1" may indicate mine eftects. The zone delineated by the
100 pg I'' contour extends from where mine etfluent entered the Puerco River
10 approximately the Amzona-New Mexico State line. The zone generally is
shallow, especially dowmstream trom Gallup. where it extends less than a few
metres below the stream bed. and generally does not extend laterally more than
a few tens of metres trom the stream bed Dissolved uranium concentrations
exceeded 330 wg 1" 0 only two samples that were collected 07 m and 2-4m
below the stream bed and 2 km downstream from the mines. Actual uranium
concentrations approximaed the calculated concentration of 330 wg 1" in only

> oA, weiliinge
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Fig. 6 Occwrrence of dissolved uranium in the alluvial aquifer
that underlies the Puerco River, Arizong and New Mexico, samples
collecicd berween December 1988 and November 1989

a small traction of the alluvial aquiter trom the mines to Chambers as repre-
sented by the ares encompassed by the 100 ug I'' coniour line (Fig. 6).

The comparison between measured dissolved uranium concentrations and
calculated concentrations indicates that some of the mine-released uranium left
the system represented by the mass balance calculations. Assumptions (d) to g)
listed above represent possible processes or pathways for the removal of
uranium trom the system that were not accounted for by the calculations. The
only part of the alluvial aquifer where increased uranium (greater than
100 pg I'') was observed in 1988 and 1989 was near the channel (Fig 6) The
Occurrence of uranium suggests that assumptions (d) and (f) are relatively more
valid and that significant amounts of uranium have not migrated to deeper
aquifers or wells. Uptake of uranium by plants (assumption (¢)) was investi-
gated by Webh ¢r al. (1987) who sampled grasses for uranium on the flood
plan of the Puerco River and on higher terraces in tive loations in December
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1986 and found concentrations of uranium in samples from the fload plain that
averaged twice the concentrations of samples from the terrace. The relative
significance of uptake of uranium by plants is not known.

Another reasonable explanation for the difference between calculated
uranium concentrations and measured concentrations is the removal of uranium
from solution by chemical reactions and sorption (assumption (g)). One
chemical reaction that could remove uranium from solution is the precipitation
of a mineral containing uranium as a result of supersaturation (Stumm &
Morgan, 1981) Sorption involves many progcesses, including ion exchange of
charged uranium complexes with cations on clays (Beard er al., 1980).
adsorption on the surfaces of panticles, and reactions with organic compounds
that cause adsorpuion, ion exchange or uptake by plants (Landa, 1980).
Uranium is strongly sorbed into organic compounds or clavs (Ames & Rai,
1978). Uranium also van be adsorbed onto particles with amorphous iron
oxyhydroxide coatings. and the amount of ad-orption is greatest between pH
levels of 5.5 and 8.5 (Langmuir, 1978, Hsi & Langmuir, 1985). The pH levels
in samples shown on Fig. 6 were from 7. 510 80

Removal of uranium from solution by chemical reactions or sorption, and
possibly by plant uptake, is strongly suggested by the mass balance cal~ulations
presented herein Some of that uramium attached 10 stream sediments probably
has been transported to the Little Colorado River that discharges to the
Colorado River (Fig. 1) Some may still be on deeper sediments below the
steam bed, on sediments in the alluvial aquifer and on sediments in channel
deposits. Investizations of uranium concentrations in stream bed and near-
channel alluvial sediments could provide evidence to support or refute this
hypothesis
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