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Activity ratioe of radionuclides in groundwater are often not equal to
1.00, irndicating isotopic disequilibrium is cammon, and variations in the
ratios along groundwater flowpaths indicate the operation of solid-liquid
geochemical and decay mechanisms, such as sorption, co-precipitation, and
alpha recoil. A review of non-mining-related studies shows that activity
ratios in the 238y, 2327y, and 235U decay series can differ greatly among
sites and may or may not show trends along flowpaths. The reviewed
uranium-mining-related studies, predominately in and near tailings am
waste-rock dunps, also reveal a wide range of values for activity ratios
among sites, but trends along the flowpaths of 100-1000 meters in length
are often apparent. A field study presented here examines in detail the
variations in activity ratios in the 238y, 235, and 232Th serjes along a
flowpath of 21 meters, monitored by seven pilezameters in the vicinity of a
uraniun-tailings impouwxdment. The 2340/23&) ratio, for example, increases
from 1.23 to 3.92 and 227Th/227ac decreases from 1.88 to 1.26 along the
flowpath. Also, the isotopes of a Earticular element display different
agueaus  behaviors. For example, 30m steadily decreases along the
flowpath fram 1370 to <19 mBg/L, whereas 228, initially increases from 130
to 190 mBg/L then decreases to <19 mBg/L. The variations in radionuclide
activities and the resulting activity ratios along groundwater flowpaths
are controlled by the particular suite of geochemical and decay mechanisms
that regulates each isotope of each element.

190

1. INTRODUCTION

In the vicinity of uraniumore deposits, the aqueous migration of
radicactive elements of contrasting mabilities is cammonly cbserved. This
migration in water produces geochemical halos in surrounding soil and rock
that can be detected by soil-rock analyses. The differing mobilities in
water of radioruclides and the differing degree of solid-liquid
interactions amaong radionuclides ocomonly result in  decay-series
disequilibrium in both the water ard rock. A man-induced analog of this
process can be found in  the contaminant hydrogeology of uranium-mill
tailings.

Uraniummill tailings can represent an extreme exanple of a
radicactive deposit in which (1) the ore is fine-grained and
unconsolidated, {2) the porewater contains strong leach chemicals, and (3),
because most of the wuranium is removed during milling, decay-series
disequilibrium initially exists in the tailings solids and porewater. The
contaminated porewater, which is occmmonly replenished by infiltration of
precipitation and/or mill effluent, often drains dowrward inte underlying
grourdwater flow systems (Morin 1988 A and B, these proceedings; Morin and
Cherry, submitted). Consequently, radionuclide-laden grourdwater seepage
from tailings impoundments provides an opportunity to examine radiomuclide
migration and deviation from decay-series equilibrium.

This paper presents measurements of agquecus disequilibrium in the
three natural decay series at uranium-mining and non-uranium-mining sites.
A detailed field study of tailings seepage presented here particularly
shows the notable change in the degree of disequilibrium along a flowpath
of approximately 21 meters.

2. PREVICGIS STUDIES OF AQUBOOS COSEUTLIBRIUM ALCNG A FLOWPATH

Although there is an abundance of published data on disequilibrium in
soil, rock, and water, there are fewer studies which trace disequilibrium
along a groundwater flowpath. This section reviews published studies of
disequilibrium along flowpaths and in some cases includes a  re-
interpretation of data by defining flowpaths at a few sites.

The extant natural decay series are named for the primary long-lived
parent radionuclide: 3BU, 2321, ard 235y, The series, which is the
series most often examined in natural envirorments, begins with 238U and
ends with stable 200pp, Intermediate radionmuclides which are ocommonly
examined include 234y 230'I‘h, 226p, 222Rn, amd 210, The variations in
ratios, such as in 23 U/23BU ard 22%/230111, alorng a graundwater flowpath
reflect the relative effects of radiocactive decay (often over relatively
large times and distances) ard of water-rock interaction (over short ard
long times and distances) on the two radiamuclides in the ratio. An
understanding of the decay series arnd of the ocamplex behavior of
radionuclides in groundwater flow systems (e.g. Morin et al., accepted, B:
Davidson and Dickson, 1986) is required in order to understand the
abbreviated discussions in this paper.



In a study of the Floridan Aquifer in northern Florida, Kaufman et
al., (1969) found 234ys238y activity ratios ranging from 0.50 to 1.2 at
uranium concentrations of 0.21 teo 3.42 uwg/L with one large value of 25,91
ug/L. Ratio values less than 1.0, indicating relative depletion of 234y,
were located in areas of high permeability, active groundwater circulation,
and apparently greater oxidation potential allowing greater mobilization of
uranium. There was an inverse relationship of the activity ratio to
aguecus uranium concentration which is comonly found at other sites. No
clear spatial trend in the ratio is discernible in the reported data as the
groundwater moves tens of kilameters towards the occean, possibly because of
irreqular karst conditions in the aquifer and the importance of local flow
systems.

Although Titayeva et al. (1973) did not examine disequilibrium along a
groundwater flowpath, springs and nearby locations were sampled
along a 400 meter length of essentially soil-less valley wall in the Polar
Ural. This study is of particular value because it examines the <321h as
well as 238y decay series. For Springs 1-13 which issue low—IDS, sodium-
bicarbonate water, the researchers report six 23%U/238y values of 0.9-1.27
and two 230M/238y values of 0.63 and 1.11. Mean uranium and thorium
concentrations were 0.08 and 0.11 ug/L, respectively. For the 23?14 series
in springs 1-13, four wvalues of_ 7.5-17.7 are reported for 2281,/232my,
Additionally, the ratio of 232230, which involves both series, varies
fram 0.34-1.9 in four springs. Titayeva et al. found that an increase in
ratios in water (values greater than 1) generally corresponded with
diminished raties in rock.

In a study of 234y/238y Qisequilibrium in the Trinity Aquifer of
central Texas, Kronfeld and Adams (1974) and Kronfeld (1974) reported many
ratio values in groundwater ranging fram 0.92 to 12.25. Correspending
uranium concentrations were arcund 0.01-0.13 ug/L with two extreme
concentrations of 1.870 and 15.46 ug/L near the aquifer-recharge outcrop.
Kronfeld attributed the high ratios to alpha-recoil ejection froam the
solid-phase uranium into groundwater during the decay of 438U to 2341 ang
subsecuent rapid decay of the aqa.leous 23 (half-life of 24.1 days) to
23}4p, (h.1l. of 1.2 minutes) to 23%U in the groundwater. The data can alsc
be evaluated in terms of a groundwater flowpath. Surface waters in the
recharge area were found to have relatively high uranium concentrations,
probably accounting for the two extreme concentrations noted above, and
activity ratios around 1-2. After tens of kilometers of subsurface flow,
uranium concentrations were relatively low and activity ratios rose to S-
12 and there appears to be a trend of increasing activity ratio with
further distance. Kronfeld examined no other ratios or decay series.

Osmond and Cowart (1974) described a scenario in the Carrizo Sandstone
of southern Texas similar to Kronfeld's (1974) studies. Groundwaters near
the recharge cutcrop had 234y/238y activity ratios less than 1.0 ard
uranjum concentrations of approximately 1 ppb, and ratios rose to about 9.0
and concentrations decreased to about 0.01 ppb after flowing dowrdip
approximately 15 kilameters. The ratio trend was attributed to alpha
recoil and the concentration trerd attriluated to the transition from
relatively oxidizing to reducing conditjons. Further downdip, the activity
ratio decreased to about 2.0, which Osmond and Cowart attributed to
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geochemical effects rather than decay effects. Frohlich et al. (1981)
simulated the differential behavior of the two wranium isotopes at this

site through sorption processes.

In a sandstone aquifer in the Red Desert region of Wyaming, Osmond and
Cowart (1882, p.233) Indicate 234U/23%y ratios lie in the range of 0.8-2.5
and uranium concentrations are around 20-300 pb updip of a geochemical
uranium barrier. Downdip of the barrier, ratios are 1.6-9.7 and uranium
concentrations are less than 3 ppb.

Cowart (1980) studied variations in 234‘0/2380 in the Edwards Carbonate
Aquifer in Texas. From the recharge area and along tens of kilameters of
flowpath, the activity ratio remained in the range 1.07 to 1.22 with
uranium concentrations of 0.662-0.820 ug/IL. Parallel to the flowpath,
there is a portion of the aquifer that contains slower-moving, more-
reducing, higher TDS grourdwater, which had ratios of 1.62-2.66 and uranium
concentrations of 0.046-0.101 ug/L. The mixing zone of the two waters had
ancmalous uranium concentrations of 0.071-4.59 ug/L and the ratics ranged
from 0.79 toc 1,40, which Cowart attributed to changes in the location of
the redox bouwrdary rather than simple mixing of the oxidized and reduced
groundwaters.

In anocther Texas study, in the Palo Duro Basin, laul et al. (1985)
reported analyses for radiomuclides in the 2387 and 2321, series in two
brines. Aﬁ:mxinate values for 238-series ratios were: 2341h/238y = 75—
50, 234ys23%m = 0.025-0.080, 234y/238y = 1,1-1.3, 230m,234y = 0.19-1.11,
226p, 423 = 2.0 x 104 - 3.0 x 10%, and 222 /2%6Ra = 0.8-2.4. For the
2321 geries, approximate values for ratics in the two brines were:
228p4,2321m = g00-2040, 2287H/228Ra = 0.009-0.010, 2281 2327y = 7-23,
228pa/2281n = 50-100, ard 224Ra/228Ra = 0.9-1.0.

Cowart (1981) examined the 234y/238y activity ratio and 226p,
activities in groundwater in the Canbrian-Ordovician aquifers in the Tri-
State region (Missouri, Kansas, and Cklahoma) of the U.S.A. In the
aquifers, calcium-bicarbonate water with activity raties generally around
7-10 and uranium concentrations generally around 0.3-0.5 wy/L  flows
westward and eventually mixes with sodium<chloride, HyS-bearing (more
reducing) groundwater. Within the mixing zone, 22%Ra increases from around
0.05 Bg/L up to 0.32 Bg/L, uranium precipitates to levels around 0.02-0.04
ug/L, and, notably, uranium activity ratios remain essentially constant.
Although the decrease in wanjum concentrations is consistent with
reduction in Eh, Cowart could only ate on explanations for a steady
uranium ratio and an increase in 226Ra. If the uranjum concentrations
reported as pCi/L in Cowart's Table IT essentially represent 238y, then the
calculated values for the 226Ra/234y ratic increase fram about 0.5 to about
1.5 as the calcium-bicarbonate water flows westward and there is a sharp
increase to 6-236 in the mixing zone. Under the assumption made for the
calcudation, this trend indicates that there is relatively stro aguecus
enrichment of 226pa ogver 234y during mixing, probably synznymax:gwith the
parallel decrease in uranium concentration.

CBCL Limited (1985) carried out a detailed study of a small, post-
glacial, uranifercus peat deposit at the base of a granitic talus slope
near Portland Creek, Newfoundland. Four piezameter nests were installed in



a line perperdicular to the talus slope and, consequently, these
piezcmeters may lie on or near the same flowpath over a distance of 135
meters. The groundwater in the peat is low-TDS, calcium-sodiumn-bicarbonate
water. Along the line of piezameters from the piezameter closest to the
slope (Pl) to the most distant plezameter (P4), pH remains relatively
constant near 6 and uranium decreases by a factor of only 1.7 from 415
ug/L. For the 238U geries, the ratio values (many calculated here from
data in their Table B-5) from Pl to P4 were fourd to be: 1.20 to 1.04 for
234,238, 2,73 x 1073 to 3.52 x 1072 for 230my234y, >1.4 to 0.38 for
226R4,230T, 10,15 to 26.74 for 210m/226pa, and 0.50_ to 0.64 for
210py,/210p,.  The significant variations in 239Th/238y and 226pa/23%M may
both be attributed to an increase in the activity of 23%M. The relatively
high wvalues for 210p,/226pa may suggest an intermediate radiornuclide,
perhaps 222Rn gas, may have accumilated in the past. The near equilibrium
of 210po/210my" in groundwater at the site suggests that the accumilation
would have developed at least one hundred years ago, because the longest
half-life which controls to time-to—equilibrium in this ratio is 25 years
for 210p,,  For the 235U series, 235U was reported as varying from 0.23 at
Pl to 0.13 By/L at P4 and 231pas235U is calculated to be <0.04.

The activity ratios at the above sites are summarized in Table 1. Aan
obvious dbservation 1s that a large sulte of activity ratics spanning a
natural decay series are not camenly examined along a groundwater
flowpath. Nevertheless, the available data indicate a high degree of
variability exists between sites and significant charges in a particular
ratio can occur along a flowpath at a site. This variability reflects the
differing scales of examination among the sites and the mmerous processes
affecting the migration of radioruclides in groundwater (e.g. Morin et al.,
accepted, B). tly, the degree of isotopic disequilibrium in all
three natural decay series during groundwater flow can be major, indicating
equilibrium in a large portion of a decay series should not be expected in
active flow systems.

2.2 Uranium-Mining-Related Studies

Because of the potential near-surface oontamination from wanium-
tailings impoundments, several detailed studies on smaller scales than the
previous studies have been urdertaken near impoundments.- Many studies
report 22%Ra activities because it is usually considered the most toxic
component in tailings seepage, but uranium and thorium are often reported
as total {sum of all isotcpes of an element) concentrations on a molal
basis and most other radicactive elements are rarely measured. Thus, there
are several studies of major-ion chemistry and total concentrations in the
vicinity of uranium tailings, but fewer provide a number of ratics along a
flowpath. For uranium at least, 80 may often represent total uranium
(addressed_in Section 3), thereby allowing the calculation of 226p5 238y
and, when 230Th is available, 230mh/238y,

In this section, most activity ratics have been calculated from data
in the original references ard, in same cases, groundwater flowpaths were
defined here fram information in the reference., Morin (1983}, Morin (1988
A}, and Morin and Cherry (submitted) summarize ard further evaluate the
geochemistry of many of the sites discussed below.
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Before examining tremds along flowpaths, the source of the seepage,
the tailings impoundmant itself, will be discussed. Cherry et al. (1982)
reviewed several uranium-tailings sites and listed chemical analyses for
tailings porewater or pond water at three sites in Wyoming, U.S.A., ard ane
site in Ontario, Canada. At all four sites, tailings-water pH was limited
to 1.8-2.7, TDS ranged 12200-18000 mg/L, and major—ion camposition can
generally be described as predaminately Fe-H-504. _If the reported "U-Nat
5 /LY is assumed to essentially represent 238y, then calculated
15'3111/2330 ratios are 12.29 and 23.46 for two Wyoming sites and 0.01 for
the Ontario site (the Nordic Main inmpourdment discussed in Section 3).
These Wyaming values generally agree with the ratios calculated from
reportedly "typical concentrations in tailings solutions™ in Table la of
Taylor ggeo): 1.00 for 23%U/2387 and 27.78 for 230m/234y (=27.78 for
23&:\1,/23 ). Based on available activities, two 22%Ra/230mn ratics for the
Wyaning sites are 0.011 ard 0.058, which are over an order of magnitude
higher than Taylor's typical ratio of 0.0027, and the Nordic Main site in
Ontario provides a ratio of 7.37. The differences in ratics in this upper
portion of the 238y geries between the Wyaming sites and the Nordic Main
site can be mostly attrilbuated to 4 orﬂers—of—ma@itude higher
activities at the Wyoming sites. The three available 2:0pb/226pa ratios in
Wyaming are 0.17, 0.57, and 14.57, Taeylor's typical ratio is 1.00, and the
Nordic Main ratio is 12.14. For the remainder of the U serieg, Taylor
lists typical ratios of 1.00 for 2108i{/210p; and 210po/210pi, indicating
rapidly attained equilibrium is often expected because of short half-lives
in this portion of the series.

Because of the variability in ore characteristics passing through a
mill, the variability in mil)l processing, and the physical and chemical
variability produced during and after delivery of a slurry to an
impoundment (Morin, 1988 A and B, these proceedings), the activity ratios
can be expected to vary with lateral and vertical distance in an
impourddment. The only study that could be located on this variability of
activity ratios within tailings was that of Moffett and Tellier (1978), who
examined the Nordic West Arm tailings adjacent to the Nordic Main
i t. One "high-acid" and two "“low-acig" lateral flowpaths were
identified within the tailings pile. The high-acid flowpath di%Iayed no
definite tremds in activity ratios along its length, but the 238
ratio was around 4-22 if total uranium represents 238y, the 226Ra/230q,
ratio was often arourd 5.8 x 1074 - 1.7 x 1073, and the 210p,/226Ra ratio
varied strongly from 2.05 to 240.88. For the 232Th series, the 228m/232m
ratic was arcund 0.36-2.00 and 227Th interference was noted for some
analyses. For comparison of magnitude of two series, 2281230 vas in
the range 0.031-0.27. Additionally, no clear trends were noted in the data
for TDS or uranium alang the high-acid flowpath, and it is possible that
local flow systems or vertical flow may be affecting lateral trerds. Along
the two low-acid flowpaths, there appear to be trends of decreasing TLS,
decreasing or variable acidity, decreasing or variable uranium, and
relatively steady values around 0.25-0.60 for 2:0pb/226pa,

Highland et al. (1981) examined the chemical corposition of "tailings
liquor® from cne of the Wyaming ponds mentioned previously and the "average
groundwater” from a point approximately 1 km downgradient from the pond.
Fram their data, pH increases from 1.9 in the pond to 6.2 in the distant
grourcdwater. TDS decreases from 15000 to 1820 ma/L, 230’1"{1,/2381) decreases



from 12.29 to 0.076, 225Ra/230mM increases from 0.012 to 1.28, and
210ph/226pa decreases fram 14.27 to 0.79. The change in the ratios is
caused by the significant, non-proportional decrease in the activities of
radionuclides, particularly a nearly 3 order-of-magnitude decrease in
2 Hoffman and Playton (1981) examined ancther Wyoming tailings site
and presented chemical analyses frum two piezameters (5-SC and 8-SC) which
are approximately 150 meters from the pord. Chemical data from these wells

they can effectively represent an intermediate point in the above
"flowpath'" of Hi and et al. (1981): = 3.6-3.7, TDS = 15984-17970 L,
226R, /2301 = o.%tolll-o.oga, 21°(r!b/22>5Rapl-I= 8.41-8.73, and 210pg,21 =m(;){o—
0.33.

Taylor and Antammaria (1978), Taylor (1980), and Haji-Djafari et al.
{1979) describe a Wyaming tailings area which is sufficiently instrumented
to describe a four-point flowpath:

DISTANCE FR(M

FIEZOMETER
tailings pond 0 1.95 11810
WN-6S 0 3.00 4274
WR-14H 390 5.50 4042
WN=-1HDA 1070 7.25 1395

The corresponding activitsr ratios are listed in Table 2 ard trends are
apparent for decreasing 430m/238y, generally constant 226Ra/230m, ang
decreasing 2:l-QPcn/‘ZE'Ra. The sharpest change in ratios occurs between WN-6S
and WN-14H where pH increases from 3.00 to 5.50.

Veska (1983) studied grouwxiwater seepage emanating from a uranium-mine
waste-rock pile near Bancroft, Ontario. The sand-aquifer flow system has
three—dimensional camplexities which preciude the reliable definition of a
flowpath through the area, but a set of plezaneters were chosen from
Veska's Appendix 5.12 to depict general trends. The chosen piezometers
are:

EIEZOMETER DISTANCE FROM SOURCE (m)  pH  ELEC. COND (uS/cm}

L o 3.7 900
GR4 S 4.6 400
GR6 12 5.0 304
M3-4.76 20 6.0 442
M4-8.83 30 6.2 305
M5-11.00 39 6.5 320
M6~14.00 47 6.8 320
M7-15.17 56 7.5 2%0
MB-14.59 76 7.6 300
M9-15.25 94 7.6 320

Variations _in activity ratiocs show trends of increas 234,238y,
decreasing 225Ra 234y, and initially decreasing then increasing 210p/226p,
(Table 2). Apparently, there are one or_ more mechanisms producing a
notable effect in the rtion of the 238y series between GR6 and M3.
The sharp change in 2\%::’/ 3y can be attributed to the factor-of-five
decrease in 24%Ra. The sharp rise in 234y/238y petween GR6 and M3 and the
oontinued trend of relative 234U enrichment were attributed to a scenario
requiring preferential leaching of 234U from the waste rock in the 6+
oxidation state (U0,2%), stronger adsorption of 238y (as U} over 234U (as
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UOZZ"') in the sand aquifer, and little redox exchange between the 4+ and 6+
states (Veska, 1983).

Table 2 summarizes the activi ratios reviewed in this section.
Based on the limited data for 23%U/23By, there is near equilibrium (0.8¢-
2.07) _in source (tallings) water as also generally noted in Table 1. The
2343/238y ratios of Veska (1983) show a trend of increasing value along the
flowpath. Below 234U in the series, notable dise?xilibrium oocurs,
but general trernds can be seen. Ratios for 230’111/2 8y are typically
greater than 4 in tailings, but decrease to less than 0.1 along flowpaths.
Values for ZzsRa/nO‘Ih are variable and usually less than 0.13. The data
of Veska (1983) for the ratio of 226ra/234y which spans a wide portion of
the 2387 geries indicate this ratio decreases alang the flowpath.
Tne P/226Ra and 210pos226Ra ratios are variable, but to be
samewhat less than 1 in much groundwater seegage. There is insufficient
data to evaluate the lowest portion of the 238U series. l’\.zrtl'le::'more5 no
data could be located on variations in ratios along flowpaths for the 2327,
and 232U series.

3. FIELD STUDY OF DISBUILIERTUM NEAR THE
NCOROIC MATN IMPOUNIMENT, ONTARIO

In a study of groundwater seepage from the Nordic Main impourdment
(Fiqgures 1 and 2) near Elliot lake, Ontario, Morin (1983) identified four
seepage areas around the perimeter. The major seepage area,
"Seepage Area A", was studied from 1979 to 1984 and the results of yearly
field monitoring and computer simulations are presented in Morin et al.
(accepted, A and B) ard in Morin and Cherry (submitted)}. In particular,
Mcrin et al. {accepted, B) examine the effect of the varicus processes of
sorption, mineral precipitation-dissolution, co-precipitation, aquecus
speciation, and decay on radionuclide migration in Area A. Additionally,
it is shown in this reference that the activity of an isctope of an element
can vary over orders of magnitude if the isotope comprises an insignificant
portion of the total concentration. For le, if 227 comprises 0.001%
of total thorium on a molal basis, then 227mh activity and concentration
can increase by orders of magnitude without detectably increasing total
thorium and y without initiating further operation of the
geochemical reaction that requlates total thorium concentration.

In Seepage Area A, all of the plezameters in several malti-level
piezameter nests (with the prefix "M" in Figure 3) were anmually pumped for
pH and specific comductance measurements and a few piezometers in each nest
were selected for full chemical analysis. The contaminant plume can be
traced along line A-A' in Figure 3, which therefore represents the surface
trace of a groundwater flowpath. The plune is located just beneath the
water table at a general depth from surface of 1-2 meters. For simplicity
of discussion, one piezometer in each nest was selected as representing the
center of the plume and the flowpath that passes through each of these
piezameters is called the "centerline" of the plume. All groundwater
samples were pumped from the piezameter through dedicated tubing, through
0.45-micrometer filters, into polyethylene bottles, and acidified to a pH
of less than 1.5 with concentrated HCL. Further details on the details on
the piezometers, sampling techniques, and rationale for the techniques can



be fourd in Morin and Cherry (in press).

The measurement of relatively low radionuclide activities in such high
TDS, geochemically reactive water is difficult and a high degree of
analytical error (relatively large standard deviation) can be expected
(Morin and Cherry, in press). As an extreme exarple, 22 in samples from
cne piezameter was analyzed by three laboratories and reported activities
were 5150, 7850, and 780 mBg/L ({(part of the problem was traced to the
standards). However, the natural variability along the flowpath usually
exceeds the analytical variability.

The results of the 1980, 1981, and 1982 analyses for radicactive
isctopes in the three natural decay series along the plume centerline are
presented in Table 3. The data show significantly decreasing activities of
many isotopes along the centerline for a distance of 20.8 meters, which
represents a groundwater travel time of approximately 24 days at measured
groundwater velocities in the area. The activities of are confirmed
by the agreement of measured total uranium with calaulated total uranium
fram 2387 in Table 3. Because of the rapid flushing rate through Area A of
24 days, decay effects are relatively negligible for many of the measured
isotopes and, thus, relatively fast gecochemical processes must be operating
to lowar the activities, variations of measured activities of 210ps,
225Ra, thorium isotopes, and total uranium from year to year occur,
probably reflecting evolutionary changes in the tailings impoundment, the
source of the plume. The decrease in activities along the centerline
correspornd to an increase in pH and to decreases in concentrations of the
major ions, i.e. ferrous iron and sulfate, and of several other ions. By
examining all potertial geochemical controls on the radionuclides in Table
3, Morin et al. (accepted, B) determined that total concentrations of
radium and actinium were probably regulated by co-precipitation with cther
minerals and that total concentrations of thorium and uranium were probably
requlated by mineral precipitation—dissolution. Isotopes of an element
with molal (molar in Table 3} concentrations at minor levels relative to
the element's total concentration can be seen in Table 3 _to deviate
somewhat from the trend of total concentration. For example, 226Ra, which
represents total radium, decreases by a factor of 2.5 from Ml to Ml6 in
1982 while 223Ra decreases by a factor of 1.9.

Alen
Alss,

More significant deviations can be seen in 2327y (major isoctope) vs.
230m  (minor isotope) . In fact, 232 and 2281h also deviate fram the
general trend of decreasing activities along the centerline: activities
initially increase and then generally decrease. This trend is confirmed by
the parallel increase then decrease in total thorium which essentially
represents 232Th in Area A (Table 3). The differing behavior of <3%h is
the result of its presence in the 238y series.

Also of notable importance in Table 3 is the general dominance on a
Bq/L basis of the often-ignored 235U series. Alth 235y jtself was not
measured, it may oocur at levels close to those of 22 A, 227’1&1, ard 223pa.
If 5% of total uranium is assumed to be 233U (Table 3), the resulting
activities are at the general levels of the other radiomclides in the
series, thereby indicating 23 may represent a few percent of total
uranium on a molal basis (molar basis in Table 3).
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To define better the behavior of each natural decay series during
groundwater flow in Area A, activity ratics are presented in Table 4_from
fhe activities in Table 3. The activities and ratics of 230Th and 226Ra
from M19 in 1980 are anomalous and it is not known if they are reliable or
erronecus. wWhen these intermediate radionuclides at M19 are removed from
consideration by calenlating 219p/238y, a value consistent with these of
M16 and M17 is obtained.

In the 238y series in Table 4, the ratic of 23"U/23“-”U increases from
slightly greater than 1 to nearly 4 over a flow distance of 20.8 meters,
irdicating the relative enrichment of 234U although the activities of both
isotopes have decreased. For 230Th, its ratios with both uranium isotopes
show an initial decrease then an increase, while its ratio with 22 shows
an initial increase then a decrease to ML7. This notable disequilibrium
with parent and daughter radiomuclides indicates thorium is influenced in a
different manner and to a different degree by its regulating geochemical
mechanism than uranium and radium. when 23%M is removed from
consideration by calculating the 226Ra/234y ratio, values closer to
equilibrium are cbtained (Table 4). This ests 226pa and 234y Qisplay
equivalent agueous behavior despite a deviant Om behavior, When 2340 is
removed from oconsideration through the calculation of 226pa/238y, the
resulting ratio values increase fram 0.96 at M1 to 1.45 at M17. Bacause
these values %enerally parallel those of 23“"0/2380, equivalent aqueous
behaviors for <26Ra and 2340 are again_ indicated The relatively small
variations and lack of clear trerds in 210pp/226Ra in Table 4 suggest that
strong relative enrichment or depletion of 210m, or intermediates, such as
222pn qas, does not occur along the flowpath.

The trends in activity ratics for the 2357 serjes are gencrally more
reqular and closer to equilibrium than for the series, probably
because of the relatively short half-lives ranging from a fraction of a
second to days for all isctopes in the series except for 2355 (half-life of
7.1 x 108 years) Pa_(h.1l. of 3.4 x_104 years), and 27 (h.l. of 27.7
years). Both 22710/2275c and 223RasZ27MH show trends towards isotopic
equilibrium alona the centerline. When Th is removed from consideration
by calcutating 223ra/227ac, an apparently slowly increasing trend of values
towards equilibrium is also obtained. No other isotopes in this series
were measured; however, if agueous is close to isotopic equilibrium
with 227ac and 227m, 43 may comprise a few percent of total uranium but
is samewhat below practical detection because of analytical accuracy of the
method of subtracting 2380 from total uranium.

The only isotopes measured in the 232 series are 2320n and 2289,
although a significant presence of 224pa has been qualitatively noted in
Nordic Main waters. The values for 228Th/232m in Table 4 as well as the
activities themselves yield irreqular trends ard the comparison of 1980 and
1981 data indicates strong temporal variations in values. It is not known
vhether the irreqular behavior is real or an artifact of amalytical error.
Based on the apparently reliable comparison of measured and calculated
total thorium in Table 3, <222Th in 1980 for M1s should be 410 mBq/L,
providing a 1980 228‘1&1/2311!1 value of 0.23. This value would give more
consistency to 1980 data, but does not explain 1982 data.

In groundwater systems, Davidson and Dickson (1986) examined predicted



variations_in activity ratios for radium isotopes among the decay series.

For 226l'«‘a/ 23Ra the value is predicted to approach 21.4 over long periods
of time urder the assumptions of the study. Along the centerline in Area
A, 226py/223py values are 1.25 (M1), 1.32 (M20), 1.15 (M8), and 0.93 (Mlé&)

whlch are much less that the limiting value of 21.4 as a consequence of the
short time period of 24 days represented by the centerline between M1 and
Ml6, i.e. x/V < 0.06 years in the temminology of Davidsaon and Dickson.
Furthermore, the increase in the ratio predicted along flowpaths in the
simple geochemical scenario of Davidson and Dickson dees not occur in Area
A because of the variations in geochemical controls among the four
geochemical zones between M1 and M17 (Morin and Cherry, 1986; Morin, 1988 A
and B, these proceedings).

4. CAKIISION

This paper has presented a field study of variations in several
activity ratios along a grourdwater flowpath of 20.8 meters in Seepage Area
& of the Nordic Main uranium-tailings impoundment, Ontaric. Because the
grourdwater requires approximately 24 days to travel this length of
flowpath, observed variations during cone sampling event are predaminately
the result of relatively fast geochemical-decay processes operating along
the flowpath and are not closely related to temporal variations in the
radicactive scurce (the tailings), which can account for variations along
flowpaths in slow-moving groundwater systems. However, fluctuations in
measured values at each piezameter from year to year in Area A can reflect
terporal source fluctuations. Despite a higher degree of analytical error
than major ions, significant varLablllty ]J'I act1v1ty ratios along the
flowpath are apparent. In the 2 series, 4U/2 8y "increases from 1.23
to 3.92 along the 20.8-meter flowpath and the other ratios generally show
an initial increase or decrease followed by a decrease or increase,
respectively. These trends are probably related to the four geochemically
active zones that are crossed by the flcmpath ﬁMorm ard Cherty, 1986).
Notable isotopic dlsequlllbrlum is camon in the series. In contrast,
the measured portion of the 235y series is much closer to equlllbrlum and
steady trends towards equilibrium are apparent aleng the flowpath in Area
A.  The upper portion of the series shows no clear trends along the
flowpath.

This paper has also reviewed previous lnanilm—minirg—related and non-
mnqu‘related studies. In comparison with other mining-related studies,
the increase in 234U/238U along the flowpath in Seepage Area A is
consistent with Veska‘'s (1983) data (Table 2). The 23 O‘Ih/ 38y values in
Area A are less than 1 in general agreement with ratios in neutral-pH
groundwater in Table 2. Also, 22%Ra/230T in Area A is significantly
greater than 1 unlike other reported values except that for the Nordic Main
tailings reported in Cherry et al. (1982). <22fPRas234y in Area A is close
toluhe.masﬂmedataof\!%ka(l%?‘)% ly decrease to values arourd
0.1 along the flowpath. Finally, 210F‘b/ in Area A is generally arcund
0.01-0.09, which is among the lowest values found for talhngs and
flowpaths near tailings (Table 2). No ccn-parlsors with previous mining-
related studies can be made for the 232m and 23 series.

In comparison with previous non-mining-related studies, the values in
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Area A as well as ratios from Table 2 generally fall within the ranges in
Table 1. This reflects the high degree of variability in non-minirg-
related values as a consequence of the differences in scales of time and
distance among these studies.

In sumary, there are similarities and differences among sites.
similarities, differences, and wide ranges of activity ratios in the 23&'U
series rveflect (1) the mumercus available suites of geochemical and decay
controls for regulating each isotope of each element at any one site and
(2) the differences in scale among the sites. At this time, there are
insufficient studies to define any common trends or rarges of activities in
the 235U ard 232th series along groundwater flowpaths.
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TARLE 1
Activity Ratios At Nen-Mining-Related Sites
438y DECAY SERIES
place in 224 234 2301 225ga £26ps
Site flow sys. 233? 2333 34y Dy 230, omER
Floridan Aq gen* 0.5-1.2
Polar Ural gen 0.9-1.27 0.90,0.56
Trinity Aq recharge 1-2
10's of km 5-12
Carrizo Sdst recharge <1.0
15 km 9 approx.
>15 am 2 approx
Red Desert updip of U barrier 0.8-2.5
downdip 1.6-9.7
Edwards Aq gen, oxid 1.07-1.22
gen, red .62-2.6%6
en, mixed 0.79-1.40
gen, lmzzsg
Palo Duro Bas gen 25-50 1.1-1.3 0.19-1.11 2-3x10% 0.8-2.4
Tri-St. Reg urmixed 7-10 0.5-1.5
mixed 7-10 6-236 210p; 2105,
225?; 210%
Newfoundland begin. 1.20 0.00273 >1.4 10.18 0.50

135 m 1.04 0.0352 0.38 26.74 0.64

(* gen = general, no clear flowpath)

232 DBCAY SERIES
228 228m 224

Site 232% 232’“’1 22&?_:;
Polar Ural 7.5-17.7

Palo Duroc Bas 800-2040 7-23 S0-100

235y DECAY SERIES
231
Site 235{13
Newfoundland <0.04

TAHLE 2
Activity Ratios At Uranium-Mining-Related Sites

234y 230y, 226Ra z&mmsg

Ref.-Location 238y 238y 230, 234y 22 OTHER
Cherty et al. (1982)
Wye. tailings 12.29- 0.01l- 0.17,0.57
23.46* 0.058 14.57
Nordic Main 0.01%  7.37 12.14 |21°pb 210g;
"Typical® 1.00 27.78 0.0027 1.00 1.00 1.00
Moffett & Tellier (1978)
High-acid 4-22% 0.00058- 2.05-
0.0017 240.88
Low-acid 0.25-0.60
Highland et al. (1981) §Te)
Tajlings 12.29  0.012 14.27 210p,
"Intermed. data" 4.09*  0.001- 8.41-  0-0.33
0.098 8.73
Average groundwater 0.076 1.28 0.79
—2l0pg
Taylor (1980) l 226%
Tailings 11.73%  0.115 0.196
WN-6S 3.73%  0.116 0.015
WN-14H 0.034* 0.0031 0.0
WN~-1HDA 0.068% (©.125 0.0
Veska (1983)
L 0.97 0.33 1.15
GR4 0.87 1.63 0.05
GR6 0.86 1.23 0.27
M3 1.20 0.35 0.66
Md 1.28 0.15 <0.45
M5 1.27 0.05 <1.00
M6 1.57 0.08 <0.38
M7 1.75 0.10 <0.61
M8 1.88 0.10 <0.67
Mo 2.07 <0.65 -

* = 238y cajaulated from total uranium




TABIE 3

Measured radionuclide data from the plume centerline in Area A

(values in milliBecquerels/L unless marked as molal)
(reported analytical precision +19 mBy/L)
{values >100 are rourded to the nearest 10 mBg/L)

M M20 M8 M6 Mi7 Mlg ML9
Distance
from M1 (m) ) 4.8 8.7 11.8 15.0 17.7  20.8
Field pH 4.40 4.61 4.90 4.98 4.86 5.65 5.50 (1980 data)
4.24 4.60 5.18 5.68 5.43 5.21 5.33 (1982)
210p, 520 - 59 93 37 - 19 (1980}
100(1982) 300 110 <37 74 - - (1981}
223pa 3070 2670 2300 1630 - - - (1982}
226p, 5930 - 5150 2780 1040 740 1105 (1980}
3850 1520 2560 1520 850 590(81) 5%0(81) (1982)
{For 1980 Ra—-226 data, MS has an activity of 370)
227p¢ 11820 8150 7370 3960 2670 - - (1982)
227y 22220 15000 10000 5440 3370 - - (1982)
2281, 130 - 190 93 <19 <19 - (1980}
<190(82) 190 - 190 260 - - {1g981)
230 1370 - 150 130 110 <19  1260°(1980}
1330 520 410 190 190 - - (1982)
2327n 210 - 290 <19 44 <19 74 {1980)
<190(82) 37 190 220 74 - - (1981)
Total Th(m)l2.22E-7 -  3.06E-7 <2.01E-8 4.64E-§ <2.01E-8 7.81E-8 (1980)
Total Th(m)22.32E-7 - 3.02E-7 4.14E-7 4.74E-8 - 7.76E-8 (1980)
234y 7570 - 4220 3040 910 - 550 (1980)
238y 6170 - 2000 930 300 - 140 (1980}
Total U(m)32.07E~6 -~ 6.72E~7 3.12E-7 1.01E-7 - 4.73E-8 (1980)
Total U(m)22.07E-6 -  6.81E-7 3.11E-7 1.01E-7 <8.40E-10 4.62E-8 (1980)
3.57E~5 5.88E-6 3.36E-6 1.26E-6 1.26E-6 1.39E-8(81) - (1982)
235y4 46390 - 15260 6970 2260 <19 1040 (1980)
1 - calculated from 232mh
2 = measured
3 = calculated from 238y
; = activity caloulated from 5% of measured total uranium

]

anamalous M19 value

[For conversion:
# atoms/L = 1.44 (Bg/L} (half-life in seconds)
disintegrations/mimrte/L = 60 (Bg/L)
picoQuries/L = 27 (Bg/L}
moles/L = (half-life in secords) (10723-62y (pqs14)
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TABLE 4

Activity ratios for the natural decay series aleng the plume

centerline
M1 M20 M8 M16 M17
238y SERIES
234yy,238y 1.23 - 2.11 3.27 3,03
2300234y 0.18 -~ 0.05 0.04 0.12
230, /238y 0.22 - 0.11 0.13 0.36
226p4,230m, 4.33 - 27.11 21.38 9.45
2.89 6.77 2.90 8.00 4.47
226pa,234y 0.78 - 1.22 0.91 1.14
210py,/226R, 0.09 - 0.01 0.03 0.04
0.03 0.09 0.09 <0.02 0.09
210m, /238y 0.08 - 0.03 0.10 0.12
235y SFRIES
227y /2278c 1.88 1.84 1.36 1.37 1.26
223Ra /227, 0.14 0.18 0.23 0.30 -~
223Ra /227p¢ 0.26 0.33 0.31 0.41 0.37
2321 SERIES
2281232, 0.62 - 0.66 >4.892 <0.43
- 5.14 - 0.86 3.51

; activities of 230 and 226Ra may be erronecus

3

2

]

0

0

0

0.

Mi9

.92 (1980)
.2511930)
.00l(1980)

.091(1980)
- (1982)

.20l (1980)

.171¢1980)
- (81/82)

14 (1980)

- (1982)
- (1982)

- (1982)

- (1980)
- (1981)

* = value should be 0.22 based on calculated 232Th from measured total

thorium in Table 3
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