
Summary

Recommendations

1. Leachable uranium is present in the Wolfville Formation rock units underlying the wellfield. Although concentrations in rock were less than detected

in the well water, leachate analyses were conducted on samples collected from cuttings, which excluded finer-grained rock material.

2. Uranium levels could not be readily correlated with the observed rock type or depth, which may be attributed to strong intraborehole gradients.

3. Locally, the source of elevated uranium in the groundwater system may be a mineralized zone upgradient of the wellfield near the contact of the

Blomidon and North Mountain formations.

4. Pumping test and water chemistry data suggest that the higher uranium levels in the partially screened wells, compared to the open-borehole test

wells, may be associated with the remobilization of uranium from Wolfville Formation rock units due to the development of more oxidizing conditions

during pumping.

1. Monitor the following in the production wells:

-uranium concentraion

-water level and pumping rate/duration

- redox, pH and conductivity

-concentrations of phosphate, silicate and alkalinity (complexing ions)

2. Attempt to minimize development of oxidizing conditions (e.g. drawdown or aquifer dewatering) using an appropriate well/pumping configuration.

3. Drill an observation well at the wellfield, collecting rock core and water samples at suitable depth intervals for uranium analyses.

4. Monitor chemistry of any new drilled wells in vicinity of the water system, and plan for new drilling targets should funding become available.

5. Perform down-hole gamma ray logging of production wells.
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C. Discrete-fracture Sampling

Environment Canada completed discrete-fracture sampling using a

straddle packer system over 27 depth intervals in TOB-1 (Fig. 5). The

results showed limited depth variability with respect to uranium, with

levels ranging from 7.2 to 11.2 µg/L. The highest permeability layers

were identified in the 30 - 40 m depth interval.

Significant intraborehole flows were interpreted due to strong vertical

head gradients (Fig. 6), suggesting that the protocols used for discrete

sampling would be unlikely to determine an accurate uranium profile

(ambient or borehole induced), particularly in the low-head intervals.

This limitation would also apply to the depth-specific sampling program.

A. Analysis of Rock Cuttings

To determine the leachable concentrations of uranium

in rock units underlying the wellfield, three well-cutting

samples from open borehole TOB-1 (ranging in depth

from 18 - 55 m) were selected based on spectrometer

'kicks' for leachate analyses (Pothier, 2009).  DNR

selected an additional six well-cutting samples from

TOB-1 ranging in depth from 70 - 122 m.

The samples were agitated with distilled water for 14

hours to simulate groundwater flow and the leachate

was analyzed for uranium. The results show leachable

concentrations of uranium present in the rock, with a

maximum observed concentration of 6 µg/L at

approximately 50 m depth (Fig. 3). The maximum

observed concentrations were less than levels

detected in the well water, but it should be noted that

the cuttings consisted of only the coarse fraction of

the rock sampled during rotary drilling of the test wells.

B. Depth-specific sampling

Depth-specific sampling was completed by CBCL Ltd. (2007) under non-

pumping conditions using disposable discret- interval bailers to

characterize the uranium profile in the well water column. The

production wells, PW1 and PW2, were sampled at the screened

intervals, whereas open borehole TOB-1 was sampled at defined water-

bearing zones. The total uranium concentrations ranged from

3.1 to 9.4 µg/L in TOB-1, <0.2 to 7.8 µg/L in PW1, and 1.4 to a maximum

of 14 µg/L, collected from the 103 - 105 m depth interval in PW2 (Fig. 4).

in-situ

Aqueous leachate testing showed that uranium is available in Wolfville Formation

rock units in the vicinity of the wellfield, although concentrations in rock were less

than detected in the wells.  Uranium levels could not be readily correlated with the

observed rock type (e.g. shale vs. sandstone) or depth, based on the leachate,

packer testing and sampling of groundwater from TOB-1 (Fig. 9), which

may be due to the limitations of the sampling programs and the observed

hydraulic conditions (e.g. large intraborehole gradients). A slight trend of higher

uranium levels detected around the 40 - 50 m and 80 - 100 m intervals,

corresponding to shale and siltstone layers, may be observed in Figure 9.

The Wolfville Formation in the valley has been mapped as an area more likely to

have groundwater containing uranium approaching or exceeding acceptable limits

(O'Reilly et al., 2009). The distribution of uranium in sedimentary rock units tends

to be of lower magnitude and more uniform and extensive compared to crystalline

rock units. In sedimentary rock units, uranium is transported in the regional

groundwater flow system under alkaline, oxidizing conditions and deposited at

reducing barriers.  Previous exploration work by Getty Mines (Coll, 1977)

suggested that the source of uranium in the Annapolis Valley could be this type of roll-front deposit at the base of the contact between North Mountain

basalt and the Blomidon or Wolfville formation. This hypothesis is supported by regional groundwater chemistry mapping, which generally shows

higher uranium concentrations located near this contact (Fig. 10).  Reduced layers are also more commonly observed in the Blomidon Formation

compared to the oxidized redbeds of the Wolfville Formation (O'Reilly, personal communication).  Modelled groundwater flow patterns predict that most

of the water captured by the Bridgetown wellfield will be drawn from these areas to the north and northeast of the town, originating as infiltration on the

North Mountain (CBCL, 2010).

Previous studies in Nova Scotia have associated greater mobility of uranium in well water

with the presence of anions to form stable complexes, and with an alkaline, high pH,

oxidizing environment (e.g. MacFarlane, 1983).  Pumping test and geochemical analyses

suggest that the higher uranium levels in the partially screened wells may be associated

with the remobilization of uranium contained in Wolfville Formation rock units along an

oxidizing front due to the following:

–greater turbulence and entrance velocity through well screens

–lower well efficiency resulting in greater drawdown (dewatering) of the aquifer in the

vicinity of the production wells

The results of the investigations have helped to guide wellfield remedial actions.  Following

the depth-specific sampling, the lower screen of PW2, from 103 - 105 m, was grouted due

to the elevated uranium detected in this interval.  Pumping test results (PW2b in Fig. 7)

showed slightly lower uranium concentrations, ranging from 15 to 16 µg/L (down from 19

µg/L). TOB-1 was upgraded to production well PW3 using a fully screened design to

imitate an open-borehole while maintaining borehole stability. The results of the

subsequent pumping test showed uranium concentrations ranging from 9.5 to 12 µg/L.

PW3 was therefore designated as the lead well in the new system, allowing for some blending of water from PW1 and PW2, which had higher

concentrations of uranium, to meet the town's water demands. The commissioning of the new groundwater system is scheduled for the spring of 2010.

in-situ

The groundwater exploration program involved the installation of three open-borehole test wells in 2006, shown in Figure 2 as TOB-1,

TOB-2 and TOB-3, and a series of pumping tests and inorganic chemistry analyses (CBCL, 2006a).  Sequences of sandstone, shale,

siltstone and conglomerate of the Wolfville Formation were encountered during test drilling.  Initial pumping tests showed the aquifer

could meet the town's water demands, and water quality met

applicable GCDWQ criteria. Total uranium, however, was found

to be elevated (maximum of 15 µg/L) but below the GCDWQ

interim maximum acceptable concentration of 20 µg/L, and

appeared to be stable (13 to 15 µg/L) based on 16 samples

collected over a 30 day pumping test of TOB-3 (CBCL, 2006b).

The town decided to pursue a groundwater supply option and

converted test wells TOB-2 and TOB-3 into partially screened,

larger-diameter (254 mm) production wells PW1 and PW2,

respectively (Fig. 2). The production wells were each designed

with 4 x 1.5 m screens placed between 50 m and 100 m depth,

and gravel packing between 30 m and 100 m depth, to ensure

borehole stability.

Subsequent pumping tests of the new production wells detected

higher concentrations of uranium compared to the open-

borehole test wells, with maximum concentrations of 27 µg/L

and 19 µg/L recorded in PW1 and PW2, respectively.

The Department of Natural Resources (DNR) and Environment

Canada were part of a multi-organizational effort to conduct a

series of investigations into the cause of the increased level of

uranium in the town's production wells relative to the levels

recorded in the test wells.

E. Geochemical Analyses

The relationship between

redox conditions and uranium

was investigated due to the

sensitivity of uranium mobility

to the redox environment.

When uranium is oxidized to

the U state it is chemically

mobile. The oxidized state of

U forms the soluble uranyl

complex ion (UO ). When

uranium is in the U (reduced)

state it is stable and much less

mobile.

Other studies in Nova Scotia

have shown that iron and

manganese concentrations

can be used as indicators of

redox conditions (e.g.

Samolczyk, 2007). All

available groundwater

chemistry data collected at the

wellfield were compiled, and

iron and manganese

concentrations were compared

to uranium concentrations

under pumping and non-

pumping conditions to examine

the redox control on uranium

mobility.  Low iron and

manganese, indicative of an

oxidizing environment, were

associated with pumping

conditions and higher uranium

levels, whereas high iron and

manganese, indicative of a

reducing environment, were

associated with non-pumping

conditions and lower uranium

levels (Fig. 8).
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D. Pumping Tests

A series of pumping tests, ranging in duration from 24 hours to 30 days, were conducted on the

open-borehole test wells and screened production wells. The installation of screens in two of the

open-borehole test wells resulted in a loss of well efficiency and greater drawdowns at similar

pumping rates. A compilation of all available uranium and drawdown data shows that higher

uranium concentrations are associated with greater drawdowns (Fig. 7), and uranium levels were

consistently lower during the initial stages (first 2 hours) of the pumping tests.

Background

Physiographic and Geological Setting

Hydrogeological Setting

The Town of Bridgetown (population ~500) overlies one of Nova Scotia's most productive sedimentary bedrock aquifers. As an

alternative to the expensive upgrades required to the existing surface water supply system, the town investigated the potential for a

new groundwater supply from this aquifer.  During groundwater exploration activities, the screened production wells showed elevated

concentrations of uranium, above the Guideline for Canadian Drinking Water Quality (GCDWQ) limit (Health Canada, 2009)

compared to the results from the open borehole test wells. The uranium guideline is based on the potential for kidney damage due to

ingestion of the chemical. A series of investigations followed to examine the cause of the elevated uranium concentration and the

potential for pumping/well modifications to mitigate the uranium exceedances in the town's new production wells.

Bridgetown is located in the Annapolis Valley in southwestern Nova Scotia (Fig. 1), situated at an elevation of approximately 20 m

above sea level (ASL), with the surrounding highlands reaching elevations of up to 250 m ASL. The surrounding highlands consist of

North Mountain and South Mountain, located to the northwest and southeast of the town, respectively. Surface water drainage from

the mountains is directed toward the Annapolis River, which meanders in a southwest direction along the valley floor before

discharging to the Annapolis Basin.

Glaciolacustrine (Lake Aldershot) deposits of bedded and massive sand, silt, clay and brown clay-rich diamicton overlie the study

area in thicknesses ranging from 1 - 20 m (Stea and Kennedy, 1998). The underlying bedrock consists of the Triassic Wolfville

Formation, which constitutes the base rock of the valley floor and is up to 500 m thick in the Bridgetown area (Smitheringale, 1973).

The South Mountain, consisting primarily of Devonian quartz monzonite and granodiorite of the South Mountain Batholith, underlies

the Wolfville Formation. To the northwest, the Wolfville Formation is overlain by Triassic-Jurassic interbedded sandstone, shale and

siltstone of the Blomidon Formation, followed by basaltic rocks of

the North Mountain Formation. The contacts between these rock

units are generally parallel to the valley axis.

Groundwater flow generally follows surface water drainage

patterns, with groundwater directed down along valley slopes and

then southwest along the valley plain as regional groundwater

flow.  Groundwater movement in the Wolfville Formation is

controlled by fractures and bedding planes, although a significant

component of flow occurs through intergranular pore spaces in the

sandstone units (Rivard et al., in press). The mean hydraulic

conductivity (K) of the Wolfville Formation was 6.6 x 10 m/s,

ranging from 10 to 10 m/s, and the mean long-term yield was

342 L/min (Rivard et al., in press).  Borehole geophysics reported

a layered structure suggestive of significantly anisotropic

conditions with K >>K (Rivard et al., in press). The

sequences of fine-grained low-permeability beds can produce

confining conditions in the aquifer zones. Groundwater from the

Wolfville Formation generally meets GCDWQ criteria and is

characterized as calcium bicarbonate type with moderate

hardness and near neutral median pH (Rivard et al., in press).
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The Wolfville Formation consists of weakly cemented sandstone with minor conglomerate beds deposited primarily as fluvial

sediments. The clasts are predominately quartz and feldspar, indicating that the material may have originated from weathering of the

surrounding metamorphic and granitic highlands (Smitheringale, 1973).
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Figure 9. Summary of depth sampling.

Figure 6. Transmissivity and hydraulic

head profile of TOB-1.

Figure 7. Series of pumping tests on open borehole wells and production wells.

Figure 3. Aqueous

leachate tests of

cuttings from TOB-1.

Figure 4. Depth-specific sampling in TOB-1, PW1 and PW2.

Figure 2. Wellfield layout and drill-hole section.
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