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Effects of uranium mining discliarges on :'

water quality in the Puerco River basin,
Arizona and New Mexico (

-

d
i

i
PETER C. VAN METRE * & JOHN R. GRAY !e

!
US GeologicalSune), nRD,375 S Euchdbenue: Tucson. 4ncona 85%
1393. USA

4
|

'
I Abstract From 1967 until 1986, uranium nine deuatering increased

- 1

dissolved gross alpha, gross beta, uranium and radium activities and
dissolved selenium and moly bdenum concentrations in the Puerco River as
indicated by time trends, areal patterns insolving distance from the mines |

'
|and stream discharge. Additionally,increar.ed dnsolved uranium concen-

.1trations were identifiedin groundwater under the Puerco River from where
imine discharges entered the nver to approximately the Arizona-New ,

8

Mexico State line about 65 km downstream. Total mass of uranium and |

gross alpha activity released to the Puerco River by mine dewatering were i

estimated as 560 Mg (560 x !0 g) and 260 Co, respectively. In compa- } |6

irison, a uranium mill tailings pond spill on 16 July 1979, released an esti-
mated 1.5 Mg of uranium and 46 Ci of gros, alpha activity. Mass balance l

calculations for alluvial ground water indicate that most c.f the uranium
released did not remain in solution. Sorption of ur.4nium on sediments and
uptake of uranium by plants probably rernos ed the uranium from solution.

Effets des rejets provenant de l' exploitation des mines i

t

d' uranium sur la qualite des eaux du hauin du fleuve Puerco,
|en Arizona et au Nouveau-Mesique

'

I

Rdsumd De 1967 A 1986,les opdrationsd'essorage des mines d'uramum .

ont eu pour effet d' augmenter les radioact Otd> alpha (s aleur approchde),
beta (valcut approchde), uranium et radium en solution, ainsi que les
concentrations en sdlinium et molybdhne dissous. dans le fleuvc Puerco,
conune l'ont nus en dvidence les relationsliant ces valeurs aux facteurs de ,

'

temps, distance aux mine et debit. En outre, des concentrations accrues
d' uranium dissous ont did identifides dans le rdseau de nappes aquiferes
sous le fleuve Puerco, dans un secteur s'dtendant du point ou les effluents ,

miniers ddbouchent dans le fleuve jusqu'au voisinage approximatif de la
'

ligne de ddmarcation entre l'Anzona et le Nouveau Mexique, d une
|distance d' environ 65 km en aval. Au total,la masse d' uranium et l'activite

alpha (valeur approchde) ddversdes dansle fleuve Puerco par le proeddd
d'essorage minier ont did estimdes, respectivement, d 560 Mg (560

l

x 10 g)et 260 Ci. Par comparaison. le ddbordement du bassin k residus6

de l'usme d' uranium.survenu le 16juilles 1979, a rejetd dans le fleuve des .

quantitds evaludes i 1.5 Mg d' uranium et 46 Ci d'activitd alpha (valeur ;

approchde). Les calculs d'dquihbre des siasses pour les eaux souterraines
'

alluviales indiquent que la plus grande partie de l' uranium rejetd n'est pas
reside en solution.1 * absorption de l' uranium par les dep6ts sddimentaire
el par les vd;4taux ont probablement ehmind l' uranium de la solution.

' Nom si:USGS.WRD. 8011 Canwron Rem!. Austin Toes 787.534700,US A.
OpenJoe dananon went i A}n! l995
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464 Peser C. %m Mesre & John R. Gray

i
INTRODUCTION

ne Puerco River, in the southeastern part of the Colorado Plateau (Fig.1), is
an ephemeral stream that drains about 7800 km along its 230 km length. De

2

headwaters are in the uranium rich Grants Mineral Belt of northwestern New
Mexico. Uranium mine dewatering from 1967 until 1986 and a tailings pond
dike failure in July 1979 resulted in releases of radionuclides and other trace
constituents to the Puerco River (Weimer et al. 1981; Gallaher & Cary,1986).

108'3g
30' 110' 30 ,10 ,

Colorado Piateau |,
, _

*

|) 4' /| STUDY -

|{ % /? |
~

'' A R E A GramsumeralBelt
}

Pipeline,

| ~. 1

*b \ - *2 X.,,$ff,*R**

a .

"8" A*' Amtson ,g,gg, ,
, .

r r~ -* .* '% i

_

!

3*f ,

./ |9 oattue
1;

INDEX WAP .

Treatment [* .q'
seesse-

; I
I *

P' ant {
I anders . p

l
,

,
| f'A' 1 .. g *: .. /

..j4 4 ., r.

''!jv|,

,/ c ' 3<-|I -

o New Lfnds |
~

35.hJoseph *
.

|g ** )City Holbr
'" ~

<

.
Lig '~ , , , , . , . jg

"

:i.E' o
o .
f
,'#

o se,

8|m,

Nian |*
,

e,*
34'30-*

0 20 40 MILES

* 0 20 40 KitoutTERS

Tig. I Puerco River basin in Ari:ona and New Mexico.'

>
1-

,
Previous studies of the effects of uranium mining discharges on water i

quality in the Puerco River basin have documented greater selenium, |g
.:

molybdenum and uranium concentrations and gross alpha activities in mine- j

J related discharges than in runoff. Greater concentrations of those constituents i

( also were found in some shallow wells near the Puerco River between the{ mines and Gallup, New Mexico (Gallaher & Cary 1986). and increasedj
concentrations of selected radionuclides u ere found in Jownstream stream bed

)
sediments after the 1979 tailings pond failure (Weimer et al.,1981).

In this report. results of a study that expanded on an ear!ier evaluationy*

,' by Gallaher & Cary (1986) are presented. The study included analyses of addi-
'

tional chemical constituents, incorporated data collected after mine dewatering (.-
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ceased in February 1986, and evaluated the relationship,s of chemical con-
~

.'

stituents to stream discharge and to distance downstieam from the mines. Total
releases of uranium and gross alpha activi'y by dewatering and by the tailings |

' I

pond spill were estimated. Thelikely 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- ! j

tion), and the Arizona Department of Health Services. Data collected prior to | 1

October 1988 were compiled by Win et al. (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 ,

I

and Kerr-McGee Corporation.
The amount of radionuclide in a give volume of water can be measured

and reported either as mass concentration or as activity. The relationship ;

between the concentration of the radionuelide, in pg I'', and the activity, in ,

; pCi l'8, is calculated from
>

,

1

C = 10" 0'.W.T.D (I) ('

where: C = concentration (pgl''); W = atomic weight; T = halflite (s); and
D = activity (pCi l''). j

Equation (1) indicates that the activity of an element is inversely
proportional to the half hfe, and therefore radionuelides with short half lives
produce larger amounts of activity for the same concentration than radio- r

*

nuclides with long half lives.

|

| !

History of mining

Beginning in 1960. uranium was mined near Pipeline Arroyo (Fig.1), a small
t'!b:ary a the Puerco River about 35 km nonheast of Gallup, New Mexico. I

From 1960 to 196 and from 1967 to 1986, dewatering of as many as threel

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 d
downstream from Chambers. Arizona (Shuey.1986). Eftluent from the sewa,9 ij

s
treatment plant in Gallup, about 37 km downstream from the mines, ak

! contributed to this continuous flow. t

| Uranium mine shafts near Pipeline Arroyo averaged 500 m in depth.
I

| Because the ore bodies being mined are below the regional water table, water
seeping into shahs was pumped to present mine shaft flooding (Gallaher &l

Cary, 1986). From 1967 until 1986, daily discharge rates from mine
'

dewatering averaged about 0.23 m' s ' (Perkins & Goad.1980. US EPA
,

records on mine dewatering. 1979-1985).

~
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466 Peter C. Van Metre & John R. Gray

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 to 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 a flocculant and |

,

barium chloride to reduce suspended solids concentrations and to coprecipitate |f 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 about 85% from 1975 to 1982 (Table 1).

Implementation of mine discharge treatment for each of the three mines
near Pipeline Arroyo occurred over several years during the mid-1970s. .

Uranium mining ceased in Febmary 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 liquid and 1000 Mg of tailings were discharged to the
Puerco River through Pipeline Arroyo (Weimer et al.1981). The pH of the:

tailings liquid was about 1.6. and the total gross alpha activity was estimated
as 130 000 pCil'8 (US EPA.1982). ,

|
\

I
4 .

4
Table i Comparison of uranium concentrations and radium-226:

1
octisiries from unfiltered samples of mine epluent in 1975 and
1981 1982y'

i

k Con i.iuem Fimo cyhi:J rncans' '

1981 1982 guge,r erNuggr or1975
(.
La Total r JmnF T i t ') 71 2 23 10.5 15 1C

J y
Tast uran.um ..itural im; l's 72s 23 10 14

|
,

trom CalLher & Car) 0956. p M2)

:

$, EFFECT OF MINE DEWATERING ON WATER QUALITY OF
: i : STREAM FLOW

'

An assessment of mine-Jewatering effects on water quality in the Puerco River:,
was made by comparing the occurrence of selected water quality constituents

|
' A'

I
-

with three factors: time, distance downstream from the mines and discharge.
i Constituent concentrations in stream flow at a given location were expected to
| g

decrease with time from the early 1970s until after 1986 as mine discharge!

j(Q treatment systems were implemented and as mine discharges finally ceased. ;
,

Constituent concentrations were also expected to decrease with distance down- |

V stream from the mines becaitse of chemical reactions such as sorption on

- -
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.

stream channel sediments and precipintion and because of dilution by runoff . , ' - "k.' : ' ~.

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 location 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 et al.,
1981). Additionally, dissolved and suspended gross alpha and gross beta
activities were analysed to 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 focused on evaluation I

cf effects of mine dewatering on water quality, samples collected on the day I
'

cf the tailings pond spill and for 1 mnnth thereafter were excluded. The
I month period was based 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 et al.,1991). ;
-

Almost no sediment was discharged to the Puerco 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 ! I

relationships to time, distance downstream and discharge, whereas the suspended j

activities would not necessarily exhibit these time trends or areal patterns. ;.

I
.

Relationship of constituent concentrations with time

'Ihe time series for samples collected near Gallup for each of the eight water [

quality constituents included in this analysis are shown on Fig. 2. Only samples
collected in the 6 km reach upstream from the Gallup waste water treatment
plant outfall were used in this analysis to minimize the variance caused by j

distance from the mines and dilution by mixing. Correlations (r) and !
'Spearman's rank correlations (rg Iman & Conover,1983) were computed

between time and each constituent as a 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 coefficient was equal to O l
(H:r = 0) at a confidence level of 95%. If the magnitude of the test statistic
(t) was greater than i at the 95% confidence level (r ), the hypothesis wasu
rejected (Haan,1977; p. 223). Rejection of the hypothesis implies that the ;

'

correlation coefficient is not zero, and a statistically significant relationship
exists between that constituent and time for the period of available data.

A statistically significant decrease in activities of dissolved uranium,

| railium, gross alpha and gross beta occurred over time, but no significant il
| cha nges in suspended gross alpha and gross beta activities or in dissolved

?
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'. h

?

"7
molybdenum and dissolved selenium concentrations occurred with time

7.,. (Table 2 and Fig. 2). A 2 year moving average of each constituent (shown as

1 a bold line on Fig. 2) was calculated by taking the mean of all samples within

F 2-year ranges centred on 1 year intervals; the moving average suggests a'

;f decrease in dissolved concentrations ot' molybdenum and selenium since the'

t. time that mine dewatering ceased. Suspended gross alpha and gross beta
f;S activities do not show a statistically significant change from the mining phaseN

,

.

+
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.

,

1
'

to post-mining phase. This conclusion supports the t}ypothesis that mine M
x

discharges increased dissolved activities in stream flow but did not increase
! suspended activities. The nioving averages of dissolved gross alpha activities

!
'

and uranium concentrations in the late 1970s were approximately 200 times and
100 times the moving averages in the late 1980s, respectively (Fig. 2).

,

i

Table 2 Correlation coeficients ana test statistics for wter
quality constituents in relation to time in a $ bn reach near
Gallup. New Mesico ,

Con >utveni Correlation Teu galiuse
Conclusion ggergajt .

!
r r, s i, r, (A , = 0)

Dissolved genis -086 -0 It6 13.0 13.1 2 00 Rejsel Yesalpha

gssolved gross - 0 78 - 0.83 8.04 9 61 2 02 Reject Yes

su.rendedgroas - 0.18 -0.14 1.21 0 88 2 04 Do not Noalpna
repsi

suir. ended yross 0 25 0 24 1.57 1 49 2 04 Do nos No Ibeis

| Dissolved uranium - 0 55 -0.57 3 99 J .20 2.04 Reject Yes !

repei

, Dissol.ed rsJivm - 0 48 -0.60 2 31 3 el 2 08 Reject Yes! Diswived -0 16 0 22 1.15 1.64 2 O! Do noi Nomoly bJenum
repet

Diswl.ed scleanum -019 0.14 1.54 1.10 2 00 Do not No
;

reje ci !

correlai.on .octri iens. r,: speannan's rank correission coefrident. t. test saiishc
r: ,

based on c. # test siatig.e based on r, teu statisrae si the 95'I conridence level, |r: l

and # r=0 a, saiemeni or the h>pothesis that correlation coerreienes are equal to zero
bem; semed by the .ompanson or s s abes to s,, |

1

i

Relationship v.f 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 caleulated 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 attributed to effects of changes in mine discharge treatment i

, 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 downstream from the Gallop waste
! water treatment plant, about 40 km downstream from the mines, was caused

by mixing with waste water containing smaller concentrations of those consti-
tuents. A significant trend was not observed between suspended radionuclide
activities and distance, even in the reach downstream from the waste saw
treatment plant in Gallup.

Correlation coetueients, r and r,. and test statistics,i and t, and t,3, were
,|,

determined for each constituent (Table 3). Correlation coef6cients that were [p
'
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signi0eantly different from zero were observed for all dissolved constituents
and activities. Decreases in constituent concentrations and activities with
distance downstream from the mines can be antibuted to dilution by 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
,

,

'

efnuents contained larger concentrations or activities of those constituents

f. compared with runoff and sewage eftluent. Mine dewatering increasede
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,

i / .,
dissolved concentrations of all constituents except radium,in the Puerco River I N'
for a distance of 100 km or more downstream from the mines (Fig. 3). I

Increased dissolved gross alpha activities, when compared with activities f
in runoff, persisted for more than 200 km downstream, possibly to the mouth j ,

of the Puerco River at the Little Colorado River (Fig. 4). The mean dissolved
gross alpha activity of the Puerco River at Chambers,135 km downstream 1
from the mines, during dewatering years until early 1986 was 74 pCi l'' {
compared with 5.9 pCi l'8 after dewatering ceased. |

|
| Table 3 Correlation coeficients and test statistics for water
| quality constituents in relation to distancefrom the mines,1973
1 1984

Consiitue nt . correlaiion Test statisiic
Conclusion sjggrrant

i r, a t, a, IA r = 0)
| bgived gross -0 7: -0 82 7 42 IO 5 2.00 R eject Yes

gs, solved gros. - 0.71 - 0 84 7.29 10 9 2.00 Reject Yes

suaIsended gross 0 10 -0 19 0 52 1 06 2.04 De rmx Nostpr reject

gsfended gross 0 22 -0.13 1 21 0 73 2 04 gy No

Diss,1ved uranium -0 70 -0 70 5.99 6 06 2 04 Rejeet Yes j
Desived radium - 0.76 - 0 66 5 31 4 07 2 07 Reject Yes
D m.4ved - 0 44 -0 47 4 $3 4 92 1.99 Rejeet Yesnmlybdenum ii

i

Dissolved selenium -0 38 - 0 49 4 21 5 78 1.98 Reicet Yes I

correlaimn coeffiewan. ri speernuCs rani correlation coerneiens. t test satistier
-

based on r. #, tesi statnise bawd on r,. so test statista: si the 957 coaridence arvel.
! and H.r = 0 a siaicmeni of the hypothesis ihat cortdation coerticieras are eN to
| teto being tenied by the contanen ori values to ic.

4

Relationships of constituent concentrations with stream discharge |

A few samples of constituent concentrations were analysed concurrent with
measured discharge. Fourteen of those samples were collected for analyses of
five of the six dissolved constituents. The samples were collected at 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 only four samples from 1975 until 1984. Twenty-three measure-
'

ments of suspended gross alpha and gross beta activity of the Puerco River at
four sites were made prior to 1986 concurrent with discharge between the
mines and Chambers (Fig. 5). Saspended phase samples collected between
Gallup and Chambers were included here because, unlike the dissolved-phase
constituents, suspended activities did not appear to be significantly affected by
the addition of waste water treatment plant effluent downstream from Gallup
(Fig. 3). -

_ J
-7,, W - f, m z , * ./~' --

-- -~ '

#.,



- M
_

t.
_ N d'dh5 E d

. .

.

.

471 Peter C. Van Metre & John R. Gray
.

'O 000
:

1

ja u n n n n

2 -......................: ,

y ..e.cise s..a i9 PS ..e.# t $44 | |

. 1975 I.198 s m.i., g

, O ites as isst s.+e..
- i 1

-

i 1
. .. .

#'
. 2
I

$
'

00 .; '

.

f5
.

4-

i i + wi- -

|S 0 A l.

j h '' [o 2 8 'u.........
-

, . . . . . . . . . . . . . . . . . . .
1 $ 0 8o

ig I I a f A
0 40 8C 120 160 200 240" 260

Ostance downstream from Pipeline Arroyo (km)

Fig. 4 Relationship beturen distance downstreamfrom the mines'

and dissched gross alpha activity during and aftermining, Puerto*

River, Ari:ona and New Mexico.
1

Correlation coefficients, r, and test statistics,i and t,s, relating conces.
i

' tration to the logarithm (base 10) of discharge (Table 4) were computed. De
correlation was significant for dissolved gross alpha and uranium activities and

;

i
for suspended gross alpha and gross beta activities. In the case of the suspended'

activities, a positive correlation is expected because suspended sediment
concentrations tend to increase with discharge (Fig. 5). The remaining

i .

dissolved constituents showed weak invene correlations to diseharge, and the
hypothesis that the population correlations were significantly different from

j; zero was not rejected.
;<

,

-

ESTIMATION OF TOTAL MASS OF URANIUM AND GROSS
ALPHA ACTIVITY RELEASED BY MINE DEWATERING AND

I
'

: THE TAILINGS FOND SPILL.
.. .

M
[/j1 The total mass of uranium and total gross alpha activity released by mineg .-

["-}
dewatering were estiinated as 560 Mg and 260 Ci, respectively. Estimates were
made using historicalwater quality and mine discharge data (Table 5). Becauser y. ; those data were from a variety of sources and, in some cases, were collectedEI -

by undetermined mahods (for example mine discharge flow rates), the%f accuracy of the estimates is difficult to assess.
O.,

The mass of uranium and gross alpha activity released by the tailings
.

$
. .
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.

s

pond spill on 16 July 1979 were also estimated. The volu,me of tailings solution &*
released was estimated as 360000 m (Weimer et al. 1981). The concentration

-

3

of uranium in the tailings solution was measured on 5 February 1979 as
4.1 mg l'' (Weimer et al.,1981; sample collected by R.W. Miller, United

'

,

l'
Nuclear Corporation). A representative sample of the tailings solution contained

*

130 000
pCi t' (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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Table 4 Correlation coeBicients and test statistics for muer
quality constituents in the Pucrco Riwr in relation to the logarithm
of discharge, l9731984

i
'

Consinuent Correlation Test waiisic Conclusion ggreearn
r s a,i (A r = 0).

Disded grosa sipha - 0 61 2 43 2 23 Reject Yes

Disded grows beis -0 48 1.72 2.23 Do not reject No

suspenerd gnm alpha 0 60 3.53 2 07 Reject Ye

|
I suspended gross beta 0 81 6 43 2.01 Reject Yes

Dissolved uranium -063 2.80 2.18 Rejeet Yes

Dise J radium -0 20 0 73 1.18 Do not reject No

i Disded selenium - 0 46 l.70 2 20 , Do not reieet No

| r. conciation SiwtLi.nl. t. ical samii> tie based on r. sp: lest satiuis si the 951
I

sonriden6e loel. and H r = 0 a siaienwns of the hypatrus that correisiion coefrisients
j are equal au zero being te>ieJ by the comparison of a valmsto e,
i

1

I

|46 Ci of gross alpha radioactivity. 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 grossi

| '

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 j
'

2.1 Mg Ci'' and 0.032 Mr Ci'', respectively. |;

| |

l
Dewatering released much larger amounts of uranium and gross alpha

|

|9

1
Table S EstimarcJ relea>es of watcr, uranium and gross alpha

| { radioactivity by mine dewatering, 1960-1986t
Year Di., harge Con.entration Total releaw

.,
Urangum Gro . alpha Uranium Gross siphs

i 1 m's' Mi p is ' mgi pC I' Mr Ci
i ,-

|. '960 'O 025 've 2 % '3200 5.77 2.55

l$.55
95200 5.773961 'O 025 7 ee - %

.)| p ,967 '0.1 % 4*70 i 5 33200 34 6

8 '43 00 31.1 14 6'; 968 'O.15 4(80 - '4% 83 98.9 }2.7
8 }00 40 4

3' }' .3
969 '0.13 4W -

6060 2 5 '3 00'O "}
:9 70 .9'O} 7160 i.4 '3200 $19978

00 $7 7 $ 4.3
*

979 'O 4 7960 - 5
g 97} 'O % 79An ,5 00 57.7 }i .5 |

'

8 00 57.7 25.5
2 1914 . % 'v'O ;.5

197% 7 E450 5 00 68,3 27 I |8

! 'g. |976 '.7 54%0 .5 33.8 16.9
* *2 : 7.9 4.95 6

| 9 77 8 * E940 * '

O.7 6.45t $. . 975 . 4 10700 82 0
| i '- . S 1 nam ;l.0 00 00 6.03979

. 3 Imno ;l.0 00 .00 6.03*
|

-
' 9110

. 4 '7sA) I.0 '600 7.70
4 6'}

'
i - * 981 42

982 2 7040 !!O '400 7 04'

280 600 5.37 3.22' .. 913 7 3370I.4
2 .0 '600 5 97 3.58$2984 .19 5970 1

80 600 5.97 3.58| b'ei 965 19 5970
,

; .
surnnsary 141500 559.3 260 i

W I: Pertie., & GoaJ.19:10. Table Ill. p 22; 2 Gallaher & Car),1986. Table 7 2. F 824

i "-. 3 Gallaher & Cary.1986. Table 7.1. p. 81. 4. Episuied on assi.:rption or gradual
ingdenwniation of ireainwes. 5; Gall.iher & Cary.1986. Table 7.3. p 83, and 6:

..- sumnarized from US Ensuonnwnial Proicetion Agency records on mine demaienng.i
a.-
I 1979-1985.*

{4 .

w
:

.

. . - % _._ _.__ _-....... . ... . , . _ _ . . _ . _ . . . _ . . . . ,

.

!

l'
l- ,



i & ._._.m. .._ _ _.._ ._ ,__m ____ ___.m .m ..._ . . ..m ,
' ,m

-

| ., . . . . . .

1le -
,

*

Efan <{unmium miuumg eliMuargo um snacr quality 475
-

activity than did the spill: however, concentrations of alpha emitters other than 2. '

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 to 210 pCil-' in untreated dewatering effluent (Gallaher &
'

Cary,1986). Landa (1980; p. 5) noted that, although 90-95% of uranium in
'

cre is extracted in the millin; process, most of the uranium decay products, -

| which composed about 85% of the total radioactivity in the ore, remain with i
'

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 ellluent. 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 in midized water, uranium is more mobile than i -

radium and thorium (Landa.1980. pp. II,16.17). Thorium is subject to |
extensive sorption by clay minerals and humic acid at near neutral pH (Ames i

& Rai,1978). The median percents by weight of suspended sediments finer '

than 0.062 mm (sitt sized) and 0.002 mm (elay sized) were 93% and 58% j

respectively for 21 samples collected from the Puerco River during 1988 and
|

| 1989. The median suspended sediment coneentration for those 21 samples was !4
| 80 000 mg 1 indicating thatlarge amounts of silt and clay-sized sediments are :

| available for sorption in the Puereo River. The maximum gross alpha activity !

measured by the US Geological Survey at Gallup on the day of the tailings . ,

pmd spill was 38 000 pCil , and of the amount only 5200 pCil'' wasl

dissolved. For those reasons. it was expected that the radionnelides released by
the tailings pond spill would be more likely than radionuelides released by
dewatering to sorb onto sediments and be transported out of the basin or j.

( deposited in aggrading zones of the channel. The much largcr amount of |
| uranium released by dewatering discharges would be more likely to remain in |

| solution, and, therefnre, be rnore likely to infiltrate the alluvial aquifer under- | '

lying the Puerco River. i

i

AN EVALUATION OF Tile FATE OF MINE-RELEASED
URANIUM IN ALLUVIAL GROUNDWATER

Mass balance calculations were used to investigate the possible effect of mine-
released uranium on alluvial groundwater quality and to evaluate the possible
fate of the uranium. The calculations did not account for spatial variations in :

parameters and assumed a homogenous, well mised system. Although such an |
approach has many limitations and requires many assumptions, it can 9tovide .

information on the potential magnitude of the cont.minant problem and. in
some cases, can indicate processes af fecting the contaminant ofinterest

'
The mass balance calculations assessed whether uranium relea ed bys

1

1

|
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l

miningis accounted for by the uranium in alluvial groundwater underlying the
, reach of the Puerco River that was subject te mine dewatering and How from
t

the tailings pond spill. This part of the aquifer, refe..H to as the modelled
Isystem, consists of groundwater in the alluvial aquifer under the Puerco River

,

t from the mouth of Pipeline Arroyo to Chambers. If observed uranium inF:,
groundwater does not account for mine released uranium, then the conclusion

i

is that some uranium is no longer in solution or has migrated away from the**
$ modelled system. The following assumptions were made: ,

f !

background coneentration of uranium in alluvial(a) the initial or*
S* groundwater was zero:

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

; uranium to the modelled system; l,

(c) removal of uranium by entrainment of mine efnuent in runoff out of the
modelled system could be estimated by the percentage of time that
discharge exceeded the average mine dewatering discharge of 0.23 m's

d

at Gallup. or 23%;
(d) removal of uranium by transport in groundwater to underlying aquifers

,
'

was negligible:

(e) uptake of uranium by plants was negligible;

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

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

t 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 oecurs naturally, then it is more likely |
that observed concentrations will approximate or even exceed modelled concen- |

. ,.
trations and no conclusion regarding processes or pathways removing uranium

j' is possible. Assumptions (e) to (g) represent possible processes or pathways for
the removal of uranium from the system. If modelled uranium concentrationt' '

'

significantly exceeds observed coneentrations, then uranium is leaving the.~

/ modelled system by one or more of those pathways. Assumption (h) is

J necessary to the mass balance calculations and leads to a predicted average

F concentration instead of spatially varying concentrations.
Gallaher & Cary (1986) reported that continuous How from mineH

dewatering, mixed with sewage efnuent downstream from Gallup, extended
.

more than 80 km downstream from the mines beyond the Arizona New hiexicob -

State line before all the water from these sources had either intiltrated or
evaporated. Shuey (1986) reported that continuous flow from these sources

,

f extended 135 km downstream from the mines. Weimer et d. (1981) reported
[

i ! |
that now from the spill extended 30 to 40 km downstream from the Arizona-

,

'

i |
New hiexico State line. During Februar3 1990. perennial Cow caused only by,

;
sewage ef0uent discharge was observed to estend from Gallup to downstreamyJ 5

,

from Chambers. During warmer, drier conditions in hiay 1990, perennial Dow,

i
' ' '

evaporated or infiltrated the aquifer within about 20 km downstream fromO. '
| k

| (* j Gallup and did not reach the Arizona New hiexico State line. On the basis of'

; ;
-

,

[

i <
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i e
l these observations, the assumption was made that most of the uranium in mine

} "*Q
,

efnuents and the spill infiltrated the alluvial aquifer within the 135 km reach
g

between the mines and Chambers.
'

,

Estimating the volume of water in storage in the alluvial aquifer between I
'

the mines and Chambers required estimates of the areal extent, saturated thick.
'

ness, and porosity of the alluvial aquifer. The areal extent of the aquifer between
2the mines and Chambers was estimated as 210 km from aerial photographs and

US Geological Survey quadrangle maps at 1:24 000 scale. Thickness of the

| aquifer was estimated using the average saturated thickness of 10 monitor wells !

that reached bedroek, drilled in the reach from Manuelito. New Mexico, to
Chambers, Arizona. The average saturated thickness was thus estimated as

'

21 m. Porosity of the predominantly medium fine sand aquifer was estimated as
30% (Freeze & Cherry.1979, p. 37). Using those values. the volume of water
in storage in the alluvial aquifer was estimated as 1.3 x 10'2 1

Stream flow was inonitored at Gallup from 1940 until 1946 and from ,

i 1977 until 1982. Before mine dewatering began. stream Cow in the Puereo |
'

River at Gallup eueeded0.028 m's only 20% of the time. During the periodo

,
stream flow was monitored coincident with mine dewatering (1977 until 1982), i

I
'

stream flow at Gallup exceeded the average mine <*ewatering discharge rate of '

30.23 m 54 for 23% of the time. Assuming that all the mine-released uranium
was transported out of the modelled system whenever stream now at Gallup |

exceeded the average mine dewatering discharge rate (assumption (e y reduces
the estimated mass of uranium used in the mass balance calculations by 23%.
'The estimated mass of ur,mium releasal by dewatering and the spill. 560 Mg,

|!was thus reduced to 430 Mg. That mass of uranium was then divided by ?
4 E1.3 x 10' I to yield a concentration of 330 pg 1, equivalent to about ,

4230 pCi 1.
Calculated uranium concentration was then compared with measured

concentrations. Monitoring wells were sampled in 1988 and 1989 upstream
from the contluence of the Puereo River and Pipeline Arroyo to downstream |

*

'

from Chambers. Dissobed uranium concentrations in groundwater are shown
|

| for z cross section of the alluvial aquifer under the Puereo River for the
.

monitored reach on the basis of the 1988 and 1989 san!ples (Fig. 6; A to *''

on Fig.1). A zone cfincreased uranium concentrations in the alluvial aquifer,.

in relation to concentrations upstream from Pipeline Arroyo, is approximately,

delineated by the 100 p I' contour; however. uranium coneenirations greater;.
4than about 10 pg 1 mq indicate mine effects. De zone delineated by the

4100 pg 1 contour extens from where mine ettluent entered the Puereo River
to approximately the Arizona New Mexico State line. The zone generally is
shallow, especially downstream from Gallup. where it estends less than a few

* metres below the stream bed, and generally does not exterxl laterally more than
a few tens of metres fruen the stream bed Dissolved uranium concentrations'

.

' 4exceeded 330 pg 1 in only two samples that were collected 0.7 m and 2-1 m
', below the stream bed and 2 km downstream from the mines. Actual uranium

, |
lconcentrations approximmed the calculated concentration of 330 pg I in only1

,
'

,

m
--

p . ,--p,



.

~ g . . .-

uW 5&<1W"* _
_ _ . ,.

*
,.

s

*
. r. .

w

| 418 Peter C %m Mctre & Jotm R. Gray
F

l
I8 e

I
.80a .

. **

.x 4 i

s 1-
"::

: 1. ..ix ,2
l,.

. ,

<;..

. .t .

.* g
.u a y e

, . . -
~ '

| g m$...,?'.: 5 '5. b h f.I . \' # " Coasolidated rock
.! s 2

'Y YE U
g o$ 60

0 10 20 WILES

|
0 to 20 KILOWETER$

'

VERTICAL SCALE GRE ATLY EXAGGERATED (a 320)

Explanation

fr} 100 Una of equal concentration of uranium, inpg f'

'
'

=, Une of 35 pg I' of uraneum-- ---

i
g. recommended Imt in drennung wster set lpy
y US Enwronmental Protection Agtney ;

j

g c, Predicted uraneum from dissolved gross abha. in pg I '3

1

| y,,
'

*
. Measured dissor ed uran um in gg i'

'

| |' Fig. 6 Occurrence of diswhrd uranium in dne alluvial aquifer {} that underlies the Puerco Riser, Ari:ona and New Mexico; samples '

]: colleued benecen December 19S8 and November 1989.,

:y
! F.

'

a small traction of the alluvial acluifer from the mines to Chambers as repre-
4 sented by the area encompassed by the 100 pg l~' contour line (Fig. 6).
} The comparison hetween measured dissolved uraniurn concentrations and
=

calculated concentrations indicates that some of the mine-released uranium left

|k - the system represented by the mass balance calculations. Assumptions (d) to (g)p listed above represent possible processes or pathways for the removal of
uranium from the system that were not accounted for by the calculations. The, 'j only part of the alluvial aquifer where increased uranium (greater than

I (j 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,

r 'i,

f.4- -
valid and that significant amounts of uranium have not migrated to deeper

,

'

aquifers or wells. Uptake of uranium by plants (assumption (e)) was investi-% *

gated by Webb er al. (1987) who sampled grasses for uranium on the flood
*

; plain of the Puereo River and on higher terraces in five locations in December,

i ii
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1986 and found concentrations of uranium in samples from the flood plain that Q.g 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 I

l
uranium concentrations and measured concentrations is the removal of uranium

'
'

from solution by chemical reaetions 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 processes, including inn exchange of
charged uranium complexes with eations on clays (Beard et al.,1980),
adsorption on the surfaces of panieles, and reactions with organic compounds
that cause adsorption, ion exchange or uptake by plants (Landa,1980).
Uranium is strongly sorbed into organie compounds or clays (Ames & Rai, -

1978). Uranium ako can be adsorbed onto panides with amorphous iron
oxyhydroxide coatings and the amount of adsorption 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 7.5 to 8.0.

Removal of uranium from solution by chemical reactions or sorption, and
possibly by plant uptake, is strongly suggested by the mass balance cakulations

1

presented herein. Some of that uranium attached to stream sediments probably
has been transponed to the Little ColoraJo River that discharges to the ;

Colorado River (Fig.1). Some may still be on deeper sediments below the i
steam bed, on sediments in the alluvial aquifer and on sediments in channel
deposits. Investigations of uranium concentrations in stream bed and near- I

l
channel alluvial sediments could provide evidence to support or refute this
hypothesis.

REFERENCES

Ames, l.. L. A Rai. D tl0781 Radenuchde mieractions w dh soil and rosk redia Vol 1, Procesus
innvencmg radenvelide mohiht) and retenten. clement clwmatr and geochemisirs, and
conclusonund evaluation Us Enur..nmentalProinten Ascncy Rep >oriEPA 520 678-007 A,
le Vegas Noada, Us A

Scard, H R , sabshury. H B & sinris M 8 t19sO) Absorptma of radiurn and thoriura trom New
Mexico urannon mill-taihnp solutsms Us Bure n, or Reclamaten Report 8463

Brandsold, D K , Porr. C J. & Br.mJhold. L i193 l)Tr.msport mechanisms in sediment-rsh streams-
,

hea9 metal and nutrient load or the Rio san Jow Rm Puerco systems. Nea Mezico Water
Resnurees Research insinute Report 1.12.

Freeze.R. A & Cherry,J A. (192Grenm.f aur Prenties Hall.Ine ,EnglewoodChrrs,New Jersey,
Us4 5

# allaher, B M & Cary, s J (1936timpactioruramum mnung on surlace and shallom groend asters,G
Grant MmeralBelt New Mn, o New Meswo Ennronmentallmprosement Dnision Report

,

EID,GWH.86'2. santa Fe. New Mewo. usa

Haan, C. T. (1977)Siannical Arceho.h m MJrolon. hma state Usersn>f natural wnter UsGs MasPress, Ames,lans. Os A
Hem J. D (1935)sivds and inierpretatmnorthe chemical charaetcristecso

Suppis Pnp 2T54

Hsi, C. D & Lms.muir. D (1935) Adwrptenor utanyl onto rerric ou bydrosides . Apphcation of thesurraec eo nr:,uhan sne.bmJms mojet Gra6 Aimica 49.1911 194l
Imsn. R L & Conaer. W J (1931 4 starrn Approo A m S onvers Lbn Wiley. New York. Us A

i

Landa, E (1930 lulan.m or uramwm min taihnp and thm component radenuchdes tram the :
bioyhere some carth wiena p. r puino UsGs Ciro,lar 814. -

{
'

! tangmuir, D |1978: Uramum soluten.inineral c.4uihbria at low temperatures with apriratens to'

medntwnlary ore depotus Gmchoreca 42 $47.s69

! | Is

t 1
1

'
|

|

WM.yg9%Y.Yagry"TcTv.; - - ~ ' ~ ~ ~ ~ 0 ~ ~ ~ ~ ' ~

.

1 A

.



~ -. - - - _ _ - - _.

#
6 -

. . - . _ . .
.

*[
. ~

._ - J

.. .. 3
--s, >,

|
,

1

-

1

* -, :

! '

480 Parr C Van Mene & Mit R. Gray

i
Perkins.B L & Giad M 5 t1980) Water quahi) dain for discharge from New Mesico uranium minea !

and mills Ne= Meuco Enviromeeniallmpr.w ement Daision report. New Meuco Health and
|Envanninent Department. Santa Fe. New Mc aico. US A

Shucy, C. (1986) The Puerco River: Where did the maict go'. In: The WorAbook il(l),110 |
iSouthwcu Research and leformsion Center. Albuquergue. New Menico

| Saumm. W L Margan, J. J (1981) Aquaree CAruvsin John Ole). New York, USA
'

US EPA (1982) Ren Puerco monitormg program U$ Enuronmental Protection Agency report. San;

Fra ncisco. Cshfornia. US A
bution of radionuclide and trace elements inWebb. R H , Rink. G R & Fasor. B O (1987) Dniti

stound waise. grasses and su'in:tal sediments assaciated with the alluvuil aquifer aloog the
Puerco Rncr. northeastern Argona A reconnaisunec samphng program. USGS Open.Fale

Report 87006
Weimer, W. C . Kinnison. R R A Reeses.1 H (1981) $un c> of radionuclide distributions from the

|

Church R.'sk. New Meuen. urs.wsin . nill taihngs pond dam failure US Nuclear Regulatory I

1

Commiss= r. Report NL'RGEG CR1449. Washington, DC. US. |Wirt. Lasrie. Van Y.etre. P C & Fas. e. B O (1991. Nicorical unier quaht) data. Puerco Rner
basin. Aru.sns and New Meuce USGS Open Fire Report 91 1%

l |

8'
' '

Receised 16 September 1991; .iccepted 2M M.treh 1992 x

[f d / 6 . < 'n dkJ d
!au
|

,

. ,

!-
.

A

$
<

If
: t

h

!

*

|,
f .

t. .

I
J
,4

.

.
.

>

'4
~ .

r>
4

r
'

k
- . . . . . . .. -

_. . .~


