





to become saturated in pyrite (Figure 3.76, stations 220 and 71). The pyrite boundary has
been constructed using typical pH and SO, values, and additional detailed study of waters
from station 71 are required before conclusions are drawn. The waters of Station 71,
however, demonstrate that the minor amounts of sulphides, where present in the altered and
bleached sandstones, may have a major effect on the geochemistry of the solutions,

particularly transition metal geochemistry.
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FIGURE 3.82 Diagram illustrating schematically the redox buffering by sulphide
dissolution/oxidation in the ore zone of the Cigar Lake deposit. A: The
result of pyrite dissolution and subsequent oxidation of dissolved sulphide
buffers the log[p(O,)] at the low values of pyrite stability. B: Same as in A
but with pCO, values sufficiently high to also form siderite.
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Eh (Volts)

FIGURE 3.83 Isosolubility diagram for uranium oxides in Cigar Lake groundwaters. The
dotted area includes all the data points for groundwaters from the ore and
clay zones. The contours -6 to -9 represent dissolved-uranium
concentrations from 10° to 10 mol/L U.

3.5.4.4.2 Uranium dissolution

The stability fields for UO,, U,0,, U;0, and U,04 in the groundwaters with respect to the
log[p(0,)] are shown in Figure 3.78. On the basis of the measured values for pH, Eh and
Fe?*(aq) in the waters, the majority of groundwaters from inside the bleached halo of the
deposit plot below the U,0,-U;04 stability boundary. These latter waters have
corresponding total-uranium contents ranging from 107 to 10® mol/L, in good agreement
with the thermodynamic data for the solubilities of UO, to U,;0, under those conditions.
Plotting the compositions of all ore- and clay-zone waters on a regular Eh-pH diagram
(Figure 3.83) shows similar agreement between the measured total-uranium contents of the
waters, their location in the deposit and the uranium solubility data.

Reducing conditions, as indicated by the low concentrations of dissolved uranium in the
waters, are further supported by the U-series equilibrium data for the rocks and minerals in
contact with these waters. The activity ratios for Z2*U/?*U and 2°Th/?*U of the ore and
rock samples show equilibrium values (0.95-1.00 +£0.05 and 0.95-1.05 +0.05,
respectively) for samples from within the bleached sandstone halo (Section 3.2.2). The
elevated *U/%*U ratios in the corresponding groundwaters (Table 3.32) are then explained
by a-recoil of *U from the solid into the aqueous phase rather than by bulk dissolution of
uranium from the rocks.
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The measured redox conditions, uranium contents and general composition for the
groundwaters from the deposit support the results from the characterization of the uranium
ore minerals as obtained by XPS, SEM and XRD (see Section 3.3). This characterization
has found no evidence for U,0; or other higher U-oxide phases, nor have any been reported
by others (e.g., Bruneton 1987; Percival 1989). Thus, the dissolution, and therefore the
stability, of UQ, appears to be controlled by a thin surface layer of higher oxides (up to
U,0,). This is supported by a) experimental work (e.g., Shoesmith et al. 1984; Garisto and
Garisto 1986) showing that the dissolution rate of UO, does not become significant until it is

oxidized beyond the UO, 5, (U;0,) stage, and by b) the predictive calculations (using
measured groundwater compositions) of the uranium phases at equilibrium, which mostly

give U,0, with some overlap to U,Oy (see also Section 3.9.3).

3.5.4.5 Conclusions

The composition of surface and groundwaters at Cigar Lake evolve through interaction with
the reactive mineral phases in the various lithologies of the deposit and its host rocks. A
conceptual model for both groundwater evolution and redox geochemistry has been
presented here. The conclusions from this study include the following:

- interactions with clay minerals control the bulk composition of
groundwater in all litholgies;

- waters recharging the intermediate and semi-regional flow regimes from
the local regime in the overburden have already equilibrated with the same
clay minerals (illite and kaolinite) as are found in the sandstones of the

lower regimes;

- the extent of illite-to-kaolinite conversion throughout the deposit is a good
indicator for advective mass transport caused by bulk groundwater

movement;

- the absence of significant kaolinite in the ore zone supports measured
values of low hydraulic conductivity for this zone, and suggests that mass
transport in the ore zone is controlled by diffusion;

- the redox geochemistry in the deposit is strongly controlled and buffered
by the iron and sulphur redox couples; and

- the measured redox conditions and uranium geochemistry are in good
agreement with accepted uranium thermodynamic data and observed

uranium mineralogy.
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3.5.5 36Cl at Cigar Lake
(J. Cornett and J. Cramer)

3.5.5.1 Introduction

The objectives of measuring the concentration of *°CI in ore and water samples from the
Cigar Lake uranium deposit are

1-  to compare the measured *°Cl concentrations with those calculated by J.
Fabryka-Martin (see Section 3.8.2) using a Monte Carlo neutron transport
code, and

2-  to estimate the residence time of groundwater within the ore zone by
comparing the *°Cl concentration in the groundwater with that in the ore.

This report summarizes the results of the **Cl determinations in ore and water samples, and
of the leaching experiments carried out on whole-rock ore samples.

3.5.5.2 Samples and methods

Seven uranium ore samples from the Cigar Lake deposit were selected for analysis. The
uranium content of the samples ranges from 4 to 55 wt.% U, and five of the samples come
from Hole 220 (Table 3.35). These latter samples are from the same profile section of the
ore zone in Hole 220 that is being studied in detail by D. Curtis, J. Fabryka-Martin and P.
Dixon at the Los Alamos National Laboratory (see Section 3.8.2).

Fifteen samples of groundwater and one surface water from the site of the Cigar Lake
deposit were selected for *°Cl analysis. These samples come from the main stratigraphic
units in the hydrologic section through the deposit (Table 3.36 and Figure 3.84).

Chlorine contents of the Hole 220 ore samples were determined by X-ray fluorescense (X-
Ray Assay Laboratories Ltd. (XRAL), Don Mills, Ontario), and Cl in all ore samples was
measured gravimetrically during the preparation of samples for **Cl/Cl measurement by
accellerator mass spectrometry (AMS). All samples were diluted to ensure that they were
within the linear range of the calibration curve. Ore and rock samples were crushed and
ground using a puck and ring shatter box. Then 20 g subsamples were leached with boiling
H;PO, and HNO, to extract the Cl. The digestion was performed in a sealed glass system
connected to a vented, water-cooled distillation trap (Phillips et al. 1986). The HCI gas
evolved was collected as AgCl in the trap solution containing 50 mL of double-distilled
water, 0.5 mL HNO, and 100 mg AgNO,. Each digestion was continued for 0.5 to 1.0 h
until the formation of fresh AgCl precipitate ceased. The AgCl precipitate was centrifuged
and purified by discarding the supernatant, adding NH,OH to dissolve the AgCl, and
removing any precipitate by centrifugation. The purification process was repeated twice,
after which the AgCl precipitate was washed twice with dilute HNO,; and then with ethanol.
The precipitate was transferred to a vial and dried under a vacuum at 60 °C and weighed.
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FIGURE 3.84 Cross section through the Cigar Lake deposit showing sample locations of
waters used for **Cl analyses. Groundwater flow direction is indicated with

heavy arrows.

Anion concentrations in the water samples were measured by ion chromatography using a
Dionex system. The Cl from the water samples was also collected by precipitating and
purifying AgCl, using the same steps described for the distillate collected from the rock

dissolution.

Chemical yields ranged from 50 to 80 % and are similar to those described for AgCl
preparation from other types of samples (Conard et al. 1986). Blanks were prepared using a
few mg of Cl from reagent-grade KCI or seasalt, and these samples were handled identically

to the actual samples.

The **Cl/Cl ratios were measured by AMS using the Tandem Acellerator Super-Conducting
Cyclotron (TASCC) facility at Chalk River Laboratories (Andrews et al. 1990). The 3Cl
was measured using a Bragg type detector. The *°S interference was minimized using a gas-
filled magnet (Milton 1992; Andrews et al. in prep.). Machine background was monitored
using KCI and seasalt blanks, which had a **Cl/Cl ratio of <2x107°. The accuracy of the
measurments was assessed by a *°Cl intercalibration with URNSL and by measuring *°Cl/Cl
ratios in the diluted **C1 NBS standard (Sharma et al. 1990).

209



The *°Cl/CI activity ratios are expressed in relative units (CLU) that are normalized to an
atom ratio of 1x10™". For example, a *°Cl/Cl atom ratio of 5x1072 is equivalent to a value
of 5,000 CLU. The **Cl atom ratios in the water samples were converted to concentrations
(mg/L) using the measured stable Cl values.

3.5.5.3 *5Cl in Cigar Lake Ore Samples

Five samples were selected from Hole 220 to study the small-scale spatial variation in *°Cl
concentration, and two samples with high concentrations of U were selected from other
cores collected within the main ore pod. The **Cl content of these samples ranged from
7,000 to 48,000 CLU (Table 3.35). These concentrations within the ore are > 10? higher
than the *°Cl content of a sandstone sample collected from the LS unit, and they are > 10°
higher than values calculated for sandstone with an average U and Th content (Bentley et al.
1986). *Cl is being produced in the ore by neutron activation of *CI in the high neutron-
flux as are other nuclear reaction products. The **Cl content of the Cigar Lake ores falls
within the range of values reported by Fabryka-Martin et al. (1988) for the Ranger-3 and
Koongarra ore deposits (2,700 to 167,000 CLU) and from Great Bear Lake (5,0000 CLU)
and from deposits in Zaire (9,0000 CLU) (Kenna and Kuroda 1960).

TABLE 3.35
*C1 IN CIGAR LAKE ORE SAMPLES

Sample |Hole [Sample description Cl U Pc1cl +

# # mg/kg | wt. % CLU CLU
CS-235H | 113 |Massive, black 56.0 24393 2150
CS-371 145 |Massive, black 37.2 47817 4950
CS-604 | 220 |Massive, black 850 | 39.4 37000 2480
CS-605 220 |U minerals in red clay 700 | 14.0 30100 2180
CS-609 | 220 |Clay-rich matrix 1300 6.7 18200 2000
CS-610 220 |Red clay-rich matrix 1900 3.9 7000 34
CS-615B | 220 |Massive, black 1100 | 52.9 29007 3640

The spatial variation in **Cl in Hole 220 was examined in 5 samples collected from the 433
to 435.5 m interval (Figure 3.85). In this hole, as in other sections of the ore deposit, the U
content varies from ~1 to >50 % in interbedded layers of clay-rich, U-mineral-rich and
massive U ore deposits. Over this 2.5 m depth range, the **Cl concentration also varies by
~35 times from 7,000 to 37,000 CLU (Table 3.35). The average *°Cl of the five samples in
this interval is 23,000 CLU. The average U content in the five samples from Hole 220 and
in this entire section of Hole 220 is 16.0 and 14.6 %, respectively. The average in the main
deposit is 12-14 % U. Therefore, ignoring edge effects, the average *°Cl in Hole 220 and in
the main deposit is 21,060 CLU and 17,310 to 20,200 CLU, respectively.
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The variation in **CI content in samples from Hole 220 is 10 times less than that of U. This
likely reflects the geometry of the deposit. The mean path length of the neutrons is greater
than the thickness of most layers of massive U ore. As a result, neutrons leak out of these
layers and produce more *°Cl in zones with lower U content than we expected apriori.
Some of the variation in **Cl production may also be attributed to the different elemental
composition of the rock matrix and variations in the total neutron cross section of the rock

from different layers.

3.554 35C1 in precipitation and eroundwater

Measured *°Cl concentrations in the water samples ranged from 170 to 8,200 CLU. *%Cl
values in the sandstone basement and surface waters were less than concentrations measured
in the groundwaters collected from the ore zone. The meteoric *°Cl input from the
atmosphere was calculated to be 3.5x107° atoms 3°Cl/L using the fallout rate (F= 4.4
atoms/m>.s) for the geomagnetic latitude of 74 °N (Bentley et al. 1986), and a precipitation
input of 0.4 m/a (Environment Canada 1977). This value was converted to an atom ratio
using the mean CI” concentration of 0.18 mg/L. This value is based on 0.09 mg/L CI
measured in wet deposition at the CAPMoN precipitation study site located at Cree Lake,
located approximately 200 km southwest, and an estimated input of 0.09 mg/L in dry
deposition (Vet et al. 1988). The CI” content of precipitation (0.44+0.18 mg/L) is less than
that measured in shallow piezometers (see Section 3.5.3). CI in these overburden waters is
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likely representative of Cl” in recharge after it has been concentrated ~2.4 times by
evaporation. The average *°Cl atom ratio in atmospheric inputs, prior to the weapons tests
was calculated to be 185+46 CLU.

TABLE 3.36
*C1 IN CIGAR LAKE WATERS

Sample | Description * Cl C12Cl *®CI atoms *H

# mg/L | CLU + |x10%/L + NTU
WL Waterbury Lake 0.45 794 281 6 2 56
71A US above deposit 17.35 174 9 51 3 10
480-C1 | LS up-gradient 70.13 168 18 200 21 <6
67C AS above clay/ore 17.03 179 2 52 1 37
211C | AS near clay/ore 40.53 1705 176 1172 121 7
211D | AS near clay/ore 38.92 1008 100 665 66 10

81K AS/C down-gradient 7.23 843 88 103 11 77
219D | LS down-gradient 26.50 861 231 387 104 22
219F LS down-gradient 26.93 280 26 128 12 11

197F C/O contact 11.20 4456 242 846 46 75
1970 | C/O contact 6.04 2328 | 1129 238 116 74
198B O 4.41 1429 273 2097 400 51
79F O 24.90 2247 71 911 29 52
79L 0O 20.75 1088 483 383 170 74
220A | O 37.79 6049 938 3876 601 195
220B O 38.83 8267 183 5439 120 272

*US, LS, AS= Upper-, Lower-, Altered Sandstone; C= Clay zone; O=O0re zone.

The mean **Cl atom ratio in lake water used for drill water was 790+280, approximately 4
times higher than the calculated meteoric *°Cl input. The difference between these two
values is hypothesized to be due to fallout from weapons testing that has not been completely
washed from the lake’s catchment. A residue of only ~5 % of the total fallout input to the
catchment could explain the higher measurements. *°Cl in samples measured from the two
deeper sandstone aquifers also suggests small amounts of weapons-test fallout is present.
Samples 67C and 71C from in the sandstone contain about the **Cl/Cl ratio expected from
meteoric fallout. However, when these results are expressed per litre (Table 3.37), the *°Cl
concentration is 300 times higher than expected, and shows clearly that some weapons-test
fallout has mixed with these samples. This hypothesis is supported by the presence of *H,
from weapons-test fallout (11-50 Tu) in these samples (see Section 3.5.3). In addition, the
35Cl1 concentrations in the Athabasca sandstone are higher than those measured in the Milk
River Aquifer located ~8 ° latitude south (Fabryka-Martin 1988), despite the fact that
meteoric *°Cl deposition is estimated to be about 4 times higher in the Milk River area than

at Cigar Lake (Bentley et al. 1986).
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Inside the clay halo *°Cl atom ratios range from 1100 to 8300 CLU, and from 1x10® to
5.4x10° atoms/L *°Cl (Table 3.36). The highest concentrations were measured in
groundwater samples from Hole 220. The **Cl/Cl atom ratios in all the groundwater
samples were less than those measured in the ore samples. This suggests that the 3Cl in the
groundwater did not result solely from the dissolution of Cl in rock flour produced during

drilling.

The importance of the temporal history of sample collection was tested by analyzing
duplicate samples from five piezometers that were collected up to 2.5 a apart. >°Cl
concentrations were lower in the second sample in all of the samples except 220A and 220B.
The duplicate samples from Hole 220 were collected only 1 d apart, and the second sample
is ~25 % greater than the first. In other cases, the difference between the first and second
sample represented a decline of up to 70 % compared with the original **Cl concentration.
We attribute the decrease in *°Cl to the removal of water and **Cl during sample collection
and pumping tests, coupled with the heterogeneous spatial distribution of **C1. The removal
of groundwater from the small ore zone has resulted in the replacement of this water with
water from outside the main ore zone, or from areas within the ore body that contain less

36ClL.

38l is produced in the rock and water in direct proportion to the **CI concentration. Since
the path length of the neutrons is long (~ 1 m), **Cl in both the rock and water in the ore
deposit should be irradiated by the neutron flux. ®Cl concentrations in the water are less
than those in the ore. Therefore, Cl in the groundwater has not resided in the high neutron
flux long enough to reach equilibrium between production and decay.

35C1 measurements in boreholes located up-gradient from the ore (211), in the metamorphic
basement (199), and down-gradient from the ore (219) are less than concentrations measured
in the centre of the deposit (220). However, they are all elevated above the regional
meteoric **Cl concentration. This suggests that some *°Cl is transported from the deposit by
groundwater advection and diffusion, or that there is a significant source of **Cl in the clay
and sandstone outside of the main ore deposit.

3.5.5.5 Ore leaching

Whole-rock leaching experiments on ore samples were carried out to assess potential 38C1-
leaching by groundwater from the solid ore and its contribution to the measured 38C1/Cl in
the groundwaters. Small intact samples of high-grade ore from different boreholes and
double-distilled deionized water (DDW) were used in each experiment; the experiments
were carried out under static conditions at room temperature and lasted for 7 to 10 d. The
results are summarized in Table 3.37, together with data from two high-temperature
leaching experiments on ore samples from Hole 220 (S. Stroes-Gascoyne pers. commun.
1993) and the average anion composition in water from Hole 220.

The CI” contents are low (<1 mg/L) in all the whole-rock leachates of the high-grade ore
samples in the room-temperature experiments. The 100 °C leachates (from experiments that
ran for >100 d) are significantly richer in CI” (because of the enhanced access by water to
interstitial salts in the rock under these conditions), but their CI” contents remain below that
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of the formation water (CLW). Because water-rock interaction in the natural system takes
place under low-temperature conditions (~8 °C), the leaching experiments suggest that only
a small amount of Cl from the rock is added to the Cl in the groundwater.

TABLE 3.37
ANION CONTENTS IN LEACHATES FROM CIGAR LAKE ORE
Sample | Hole U |Weight [Water mg/L
# # wt.%| g mL | F Cl Br NO, A HPO, SO,

Low-T Leaching: 25 °C in DDW
CS615a 220 52.9 20.86 51.75|0.58 | 0.26 | <0.01/ 0.83 | 0.04 | 4.71
CS615b 220 529 8.40 51.100.63 | 0.17 | <0.01] 0.38 | <0.04 55.21
CS460a FH-18 34.4 20.09 47.62 | 0.12 | 0.57 | <0.01{ 0.77 | 0.06 | 5.54
CS460b FH-18 34.4 11.60 54.51 [3.91 | 0.39 | 1.15 | 0.45 |<0.04 14.13
CS472a FH-18 33.3 16.47 50.18 | 4.22 | 0.51 | <0.01{ 0.84 | 0.15 | 4.37
CS472b FH-18 33.3 10.10 53.30 | 4.35 | <0.01] <0.01{ 0.42 | 0.28 | 4.55

High-T Leaching: 100 °C in DDW
CS615 220 529 191 500 |0.81 | 22.35 | <0.01| 4.30 | <0.04 2.83
High-T Leaching: 100 °C in CLW
CS615 220 529 223 500 |0.51 3431 | 041 ]1.64 |<0.04 5.55

Cigar Lake water (CLW)
220A+B220 16.65 ug/L 0.69 | 38.31 | 0.56 | 0.45 | <0.0§ 26.16

The potential contribution of *Cl from the solid ore to that in the groundwater can be
assessed with some simple calculations, which are summarized for two examples in Table

3.38:

1- Hole 220: a consistent data set that includes results for the ore,
groundwater and leachate from the same hole.

2- Conservative "mix": results for the ore containing the lowest content of CI
and the highest **Cl/Cl, for the groundwater with the lowest content of Cl
and *$C1/Cl, together with the leachate with the highest content of CI.

The contribution to the **C1/Cl of the water is calculated using the ratio of the CI contents in
the leachate and the ore times the *®Cl/Cl of the ore, and the results are given as the
percentage of the **Cl/Cl in the groundwater (Table 3.38). The calculated contribution to
36C1/Cl of the groundwater from leaching of the ore appears to be small (<4 %) under static
leaching conditions, simulating the diffusion-controlled water-rock interaction in the low-
permeability clay matrix of the ore zone.
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TABLE 3.38
CALCULATED CONTRIBUTIONS (*) TO THE **Cl/Cl IN GROUNDWATER
FROM LEACHING OF CIGAR LAKE ORE

Sample Hole Cl content C1/C1 |Calc. contribution
ID # mg/kg mg/L CLU |to **Cl/Cl in water
Hole 220
CS615 ore 220 | 1100 29007
CS615 DDW leach 220 0.26 7" 0.1 %
220A+B groundwater | 220 38.30 7158
Conservative "mix"
CS605 ore 220 700 47817
CS460 DDW leach FH-18 0.57 39" 3.6 %
79L groundwater 79 20.75 1088

* Calculated values.

The leaching of CI" from salts on grain boundaries and in microfractures contributes to the
CI content of groundwaters in the different lithological units of the deposit and its host rocks
(see Section 3.5.3). The CI content in the dilute groundwaters of the main sandstone
aquifer increases when these waters encounter and transect the halo of hydrothermally
altered rock, and CI leaching from the host rocks accounts for this increase in CI in the
waters. However, the groundwaters in the ore zone have similar Cl” contents (av.= 30.6
mg/L, o= 9.1) to the waters in the surrounding altered sandstone and clay zone (av.= 27.9
mg/L, o= 13.7), suggesting little additional leaching of CI" from the rocks in the ore zone.
This is supported by the results of the leaching experiments, including those run at 100 °C
where the CI” content of the leachate (34.3 mg/L) does not vary significantly from its
starting value (38.3 mg/L in Cigar Lake water 220).

We conclude from these experiments that the contribution to the **CI/Cl of the water from

CI leaching of the rocks in the ore zone is small, and is insignificant in comparison with the
contribution from *°Cl production by n-capture on the **Cl already dissolved in the water.

3.5.5.6 Residence time of water in the ore zone

The 3Cl/Cl atom ratio is independent of the total Cl concentration and Cl distribution
between the ore and water. Within the ore, the **CI/Cl ratio will be at equilibrium because
the CI" in the ore has been irradiated for a long period (1.3 Ga), relative to the half-life of
36C1 (3.01 ka). The same ratio will be found in the water as in the ore, provided they both
have been subject to the neutron flux over the same time period. However, if groundwater
has a residence time within the ore deposit shorter than the time required to reach
equilibrium (~2.7 Ma), the residence time (T, a) of the Cl can be calculated from the

ingrowth of *°Cl using
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where A, and A, are the measured *®Cl/Cl atom ratios in the ore and in the groundwater
within the ore deposit, and A is the radioactive decay constant for **CI.

There are several assumptions inherent in the calculation of T. First, the background 3°Cl
content of the groundwater before it enters the ore zone must be subtracted from A,, so that
only *°Cl ingrowth within the ore body is included in the calculations. The value from
sample 67C, collected within the altered sandstone just above the ore (179+2 CLU), was
used as the background **Cl correction. Additional assumptions include the following:

i) The behaviour of *°Cl and *****Cl within the ore zone is coupled so that the
atom ratio can be used in the calculations and interpretation.

i)y  **Cl production and groundwater flow are assumed to occur continuously
rather than as episodic, discrete events.

ii1)  The CI is subject to the average neutron flux in the ore zone and
heterogeneity in the ore and neutron flux is unimportant.

iv)  The **Cl input into the ore from in-situ leaching is small. It is estimated to
be <4 % based on the results of the leaching experiments (Section

3.5.5.5).

v)  The CI' and groundwater must move at the same velocities if the values of
T¢, are to be used to infer T for the groundwater.

The residence times of Cl in the groundwater within the ore zones ranged from 14 to 282 ka.
The longest residence times are from Hole 220 (155 to 282 ka) in the middle of the ore
deposit. The lowest values are calculated for Hole 79. The latter samples may be biased
low since they were influenced by the leakage of water and Cl from outside the ore zone into

these samples.

The importance of the heterogeneous neutron flux described in the third assumption can be
evaluated using data collected from Hole 220. The *°Cl content was measured in
groundwater and in several rock samples collected from the same sample intervals in Hole
220. The mean U and *°C/Cl atom ratio in the ore within the interval were 16 % and
23,000 CLU, respectively. These values are only slightly higher than the average values for
the entire deposit. The residence times based on the direct comparison were 132 and
193 ka, slightly shorter than that based on the average neutron flux in the deposit. The
heterogeneity of the flux is not that important because the path length of the neutrons is long
relative to the thickness of various mineral sequences within the ore body. As a result, the
production rate of *°Cl is averaged over a larger volume, and this minimizes the influence of

individual strata.
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