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Abstract

Multi-sensor geophysical measurements including spectrometric natural -ray, spectral - density, full waveform sonic, magnetic susceptibility, inductive conductivity, resistivity and induced polarization were made in several boreholes at Shea Creek and McArthur River. The objective was to determine the geophysical characteristics and signatures of the Athabasca uranium deposits and their host rocks. Preliminary analysis of these data indicates that lithology and uranium mineralization with associated alteration can be readily mapped by several of the geophysical parameters. The geophysical parameters also indicate that lithology can be refined and objectively characterized to provide a better framework for stratigraphic correlation within the Athabasca Basin. Logging at the Shea Creek project, carried out in plastic–cased boreholes, indicates that uranium ore delineation can be accomplished with spectral - density and natural -ray methods. Associated graphitic conductors can be accurately delineated on the inductive conductivity log. Logging data acquired at McArthur River, carried out in open boreholes, provides similar geophysical characteristics with the natural -ray data accurately mapping changes in lithology that can be matched with the drill core lithology data. In situ physical rock properties, such as compressional-wave velocities and densities, are being determined and these will provide the necessary information for interpreting the high resolution seismic survey data that will be acquired within the Athabasca Basin.

Introduction

This is a report of summer 2000 fieldwork for Sub-Project 2 of EXTECH IV - Athabasca Uranium Multidisciplinary Study. Multi-sensor borehole geophysical logs were acquired in two boreholes at the Shea Creek project, south Cluff Lake mine and two boreholes at the McArthur River P2 zone with the Geological Survey of Canada (GSC) research and development (R&D) logging system (Killeen and Mwenifumbo, 1988).

Objectives and Strategies 

The purpose of the borehole geophysics sub-project of the EXTECH IV project is to enhance existing, and develop new exploration technology and strategies by improving knowledge of a complete spectrum of bulk geophysical characteristics of the Athabasca uranium deposits and their host rocks.  This is addressed by:

· Characterizing geophysical signatures of lithologic units and alteration associated with uranium deposits using state-of-the-art and new multiparameter borehole logging technologies of the Borehole Geophysics and Petrophysics Section.

· Providing in situ physical properties: full waveform sonic (FWS – compressional (Vp) and shear (Vs) velocity) and density for high resolution seismic interpretation; electrical (resistivity and induced polarization (IP)) for interpreting magnetotelluric, electromagnetic and resistivity surveys; radioelement distribution for spectrometric -ray survey interpretations; temperature distribution for basin heat-flow modeling; rock mass characteristics for exploration, geotechnical and other mine development needs.

· Improving the calibration of spectral -ray probes (K, U, Th) in the extremely high-grade, Athabasca-type uranium deposits to assist in ore delineation and grade estimation.

Geophysical Logging – Summary of Summer 2000 Field Work 

Multi-sensor borehole logs acquired at the Shea Creek project area, Cluff Lake, include natural -ray (one spectrometric probe, and two total counting probes), spectral - density, magnetic susceptibility, temperature, inductive conductivity, and full waveform sonic. The two boreholes logged (SHE101-4 and SHE105-4) were plastic-cased and hence no galvanic electrical logging data (resistivity, IP, self potential) were acquired.  The logging data were acquired from August 16 to 19,2000.

Logging measurements that were acquired at McArthur River include natural -ray spectrometry, spectral - density, magnetic susceptibility, inductive conductivity, resistivity, IP, full waveform sonic and temperature. These data were acquired in two boreholes, MAC218 and MAC197, from August 22 to 26, 2000. 

Table 1 summarizes the logging conducted in each of the four boreholes at Shea Creek and McArthur River. Logs acquired with the multiparameter probe include natural -ray, conductivity, magnetic susceptibility, temperature, resistivity, single point resistance and self potential (if probe is run without injecting current into the formation). The acquisition of the borehole logging data was structured to address the reliability, calibration and drift characteristics of each of the logging probes. We acquired the data while going down the borehole (downhole run) and coming up the borehole (uphole run) thereby providing a check on the repeatability and quality of the data.

Table 1: Summary of Logging Conducted at Shea Creek and McArthur River, Athabasca

Area
Borehole
Logging Probe
Logging Date






Shea Creek
SHE101-4
Temperature
August 16, 2000



Temperature
August 17, 2000



Density
August 16, 2000



Gamma
August 16, 2000



Gamma*
August 17, 2000



Multiparameter
August 17, 2000



Acoustic
August 17, 2000


SHE105-4
Temperature
August 18, 2000



Density
August 18, 2000



Gamma
August 19, 2000



Multiparameter
August 19, 2000



Acoustic
August 19, 2000






McArthur River
MAC218
Temperature
August 22, 2000



IP
August 22, 2000



Multiparameter
August 23, 2000



Density
August 24, 2000



Gamma
August 24, 2000



Acoustic
August 24, 2000


MAC197
Temperature
August 25, 2000



IP
August 25, 2000



Density
August 25, 2000



Gamma
August 25, 2000



Multiparameter
August 26, 2000



Acoustic
August 26, 2000

-ray data acquired with the small scintillation detector probe.

Shea Creek Project – Cluff-Lake

The Shea Creek project, owned and operated by COGEMA Resources Inc., is located south of the Cluff Lake mine and south of the Carswell structure in the western part of the Athabasca Basin (Figure 1). Multiparameter borehole geophysical logging was conducted in boreholes SHE101-4 and SHE105-4 in the Anne zone. The overburden is penetrated with HW casing (114.3 mm in diameter) followed by HQ (96.0 mm) coring to approximately 400 m. The drillholes were completed by reducing them to NQ (75.7 mm) coring. SHE101-4 and SHE105-4 are Navi-drill holes.

a) Local Geology

The boreholes that were geophysically logged at the Shea Creek Project intersect overburden, the Athabasca Group (Ramaekers, 1990) and crystalline basement rocks. The overburden comprises Quaternary sediments ranging in thickness from 20 to 50 m in the project area. These sediments cover the whole project area and consist of glacial drift, outwash and lacustrine sands. Paleoproterozoic sedimentary rocks of the Athabasca Group include basal conglomerate, sandstones and minor siltstones of the non-marine Manitou Falls and marine Lazenby Lake, Wolverine Point A and B and Locker Lake Formations (see Table 3 of Yeo et al., this volume).  The Locker Lake Formation consists of pebbly sandstone, sandstone and siltstone with illite as the predominant clay mineral. This formation is highly fractured with rubble zones and randomly oriented fractures. The Wolverine Point formation consists of sandstone and siltstone with illite and chlorite cement. The Lazenby Lake Formation is a marine succession consisting of pebbly sandstone with illite and chlorite cement. The lowest unit intersected at the Shea Creek project is the Manitou Falls Formation comprising non-marine fine- to coarse-grained and medium- to very coarse-grained sandstone and siltstone with conglomerates and clay intraclasts. These strata are essentially flat lying, undeformed and unconformably overlie the crystalline basement rocks. 

There are two mineralized zones in the Shea Creek project area; the Colette and the Anne zones and the logging was conducted in the Anne zone. The basement suite of rocks at the Anne zone consists of an upper and lower felsic gneiss and a middle aluminous group. The felsic gneiss is composed of quartz-feldspar +/-garnet+/-biotite, depending on the degree of alteration. These aluminous gneisses are sub-divided into garnetite and metapelite subgroups. The garnetite limits the base of the aluminous gneiss which is separated from the lower felsic unit by graphite rich faults. The metapelite includes graphite rich and/or pyrite rich fault or shear zones. Chlorite (Fe-Mg) and kaolinite normally accompany these structural zones, which also display evidence for quartz dissolution.

b) Uranium Mineralization

Mineralization at Shea Creek occurs along the Saskatoon Lake conductor that has been delineated by ground EM surveys.  Mineralization is in chloritized sandstone and consists of uraninite, pitchblende and coffinite associated with silicified, hydraulic brecciation of the sandstone. Alteration haloes include kaolinite, sudoite, chlorite and dravite. Primary uraninite and pitchblende are associated with nickel arsenides, copper, vanadium, molybdenum and lead. The geometry of the mineralization is strongly influenced by reverse faults. The basement is also mineralized. 
In hole SHE101-4, massive pitchblende, accompanied by strong hematite alteration, was intersected from 735.2 to 738.1 m. Above this zone (733-735.2 m) coffinite (uranium silicate) is weakly disseminated in the breccia matrix and along fracture planes (drill core geology from John Robbins, COGEMA Resources Inc.).

In hole SHE105-4, there are two main massive, mineralized zones. The upper zone between 696.2 and 700.7 m is unconformity-type and the lower zone from 717 to 723 m is basement-type. The lower zone associated with the locally named R3 structure (graphitic fracture zone) is massive below the R3 structure and grades upward to disseminated uranium mineralization as far as 723 m. The mineralization is within completely to strongly argillitized metapelites. Mineralization consists mainly of pitchblende within chlorite breccia matrix.

c) Alteration

The major alteration associated with the mineralization consists of illite, kaolinite, dravite and goyazite (strontium florencite) that normally are associated with basement and sandstone mineralization. Sudoite (cf. Percival et al., this volume) is mainly associated with basement alteration halos. Chloritic and illitic breccias indicate the proximity of sandstone-hosted and high-grade unconformity uranium mineralization, given the interpretation that they most probably resulted from the percolation of mineralizing hydrothermal solutions.  Fe-rich kaolinite breccias indicate the proximity of high-grade mineralization as they are associated with uranium remobilization.  At Shea Creek, the breccias are interpreted to have developed by hydraulic and solution-collapse processes. 

d) Preliminary Geophysical Logging Results

Lithology and Geophysical Logs

Figure 2 shows the grain size (unpublished data from COGEMA Resources), natural -ray, density and compressional-wave velocity logs acquired in borehole SHE105-4. These data illustrate some of the challenges that we face in interpreting the geophysical logs. The density log, for instance, shows negative densities in the mineralized zones (680 –730 m) due to interferences between the backscattered -rays from the density probe source and the natural activity from the uranium ore. The densities are also slightly lower in the sandstone formations (<2 g/cm3) than normal (>2.25 g/cm3). These data are being recalibrated and corrected for the borehole environment. The two high density zones between 520 and 540 m are casing used to wedge the holes for Navi-drilling. The natural -ray log (plotted on a logarithmic scale) accurately delineates the four uranium ore zones. There are, however, changes in activity around 400 and 520 m. These anomalous changes in activity are due to several factors; the use of bentonite to stabilize the borehole, change in hole diameter (from HQ to NQ around 400 m) and wedging (around 520 m). There is an interesting Vp distribution within the sandstone units. The low velocities around 260, 630 and 710 m are due to fracturing. The velocities also decrease steadily from about 420 m to 610m (Lazenby Lake and Manitou Falls D Formations). This response may represent increasing porosity and alteration with depth in these sections. The velocities then start to increase from 620 m toward the uranium mineralization. The true compressional-wave (Vp) velocities of the uranium mineralization are going be difficult to determine because of the highly fractured nature of the mineralized rock. The Vp within the uranium ore zone ranges from 3 km/s (in fractured rock) to >5 km/s in more competent rock.

Temperature-Depth Profiles

The temperature distribution in a borehole is affected by several parameters including drilling fluid circulation, groundwater flow, lithology and, as in the geological environment at the present project, the radiogenic heat from the uranium mineralization. Figure 3 shows the temperature-depth profile acquired in hole SHE105-4. Drilling of SHE105-4 was completed on August 14, 2000 and plastic casing was installed in the hole on August 15, 2000. The temperature logs were acquired on August 16, 2000, two days after drilling was completed and one day after plastic casing was installed. Also, in order to stabilize the hole in the highly fractured zone at the unconformity, bentonite was injected into the fracture zones before plastic installation. These procedures affected the temperature distribution in the borehole.  The temperature anomaly around 610 m is interpreted to have been generated by the infiltration of the warmer drilling fluids and/or bentonite circulation into a permeable formation.  This zone is highly fractured and correlates with low Vp and low tube-wave amplitudes (see figure 4). This temperature anomaly should dissipate with time (Mwenifumbo, 1993; Drury and Jessop,1982). The temperature anomaly in the mineralized zone (680 and 720 m) is lower than that described above. The mineralized zone is also highly fractured and permeable and it is difficult to determine if elevated temperatures are due to fluid circulation or to radiogenic heat generated by the high-grade uranium ore.  To study the contribution of radiogenic heat to the temperature distribution within high-grade uranium mineralization, it is recommended that the boreholes be left open and not cemented and be logged during the summer 2001 field season. 

Fractures and Full Waveform Sonic Logs

Figure 4 shows the fracture log (fractures/m), compressional-wave velocity (Vp), tube-wave amplitude and variable density (VDL) logs acquired in borehole SHE105-4. The fracture log was derived from the drill core (unpublished data provided by COGEMA Resources). A high degree of fracturing occurs within the uppermost formations: Locker Lake, Wolverine Point A and B. The central part of the Wolverine Point A Formation is highly fractured. Within the sandstone and in the basement rocks, there is a remarkable correlation between the fracture frequency, Vp and the VDL. High fracture frequency correlates with low Vp, low tube-wave amplitude and the VDL shows a high degree of attenuation across the entire wave train (100 – 1120 seconds). The most competent rocks with low fracture density occur in Wolverine Point A, Lazenby Lake and the upper part of Manitou Falls D. These zones also exhibit high tube-wave amplitude. The change in the acoustic character (Vp and VDL) at approximately 400 m is due to a change in hole diameter (from HW – 96.0 mm to NQ – 75.7 mm). The acoustic data are fairly useful in delineating highly fractured zones within both the sandstones and the basement rocks.  It is interesting to note that, although the fracture frequency increases toward mineralization in the basement, Vp also increases (620-700 m). This is probably due to changes in mineralogy of the Manitou Falls C formation or that the fractures are healed and/or cemented by alteration minerals.

Geophysical Signature of Mineralization

Figure 5 shows the total count -ray, inductive conductivity and spectral - (density and spectral -ratio, a heavy element indictor) logs acquired in hole SHE105-4 through mineralization, illustrating their use in delineating the uranium ore zone and the graphitic conductive zone typically associated with uranium mineralization in the Athabasca deposits. There is a massive/nodular niccolite (NiAs) zone between 696.4 - 696.8 m within corroded polymict, non-oriented chlorite breccia. This zone, although narrow, shows up as a fairly conductive, high density and high SGG ratio zone with low -ray activity. The density log shows negative densities in the mineralized zones because of the extremely high -ray activity from the uranium ore that overwhelms the backscattered -rays from the density probe source (60Co -ray source). The density data in the uranium mineralization are obviously incorrect. We are currently working on a method to extract density information in the ore. The graphitic R3 zone, occurring above the lower most uranium ore zone, exhibits high conductivity (conductivities in arbitrary units because the probe has not yet been calibrated to read in conductivity units – S/m).

McArthur River  – P2 Zone

Several new holes were drilled west of McArthur River during the summer of 2000 and were planned to be geophysically logged as open holes (Figure 1). Several new and old holes that were suggested for the GSC logging operations could not be logged.  A number were blocked, one was not cased in the overburden and a new hole collapsed in the highly fractured zone near the unconformity and a dummy probe was lost in the course of testing that hole. Two holes were, however, logged in the P2 zone; MAC218 and MAC197. These holes had intersected mineralization and a strong aquifer at the unconformity, and hence had to be cemented. Geophysical logging was, therefore, only done in the sandstones and no geophysical characteristics of the mineralization were determined.

e) Local Geology

The geology of the McArthur River area is summarized by McGill et al. (1993). The Manitou Falls Formation rests unconformably on Wollaston Group paragneisses and both are offset by 60 to more than 80 m by the southeast-dipping P2 reverse fault.  The Athabasca Group here comprises all four members of the Manitou Falls Formation (MFa, MFb, MFc and MFd) (Yeo et al. (this volume) after Ramaekers (1990)). The upper two members generally are similar to those observed at the Shea Creek deposit.  

McGill et al. (1993) described the Manitou Falls Formation in general terms for the vicinity of the McArthur River P2 North deposit.  They determined that the total thickness above the hanging wall unconformity is 480 m, comprising in upward succession: a basal conglomerate  averaging 10 m, 85m of MFa, 125m of MFb, 85 m of MFc and 180 m of MFd.  Holes drilled through the footwall sequence intersect some 560 m of Manitou Falls Formation, owing to structural repetition of the basal MFa member.  In addition, the basal breccia is up to 25m thick on the down-dropped side of the P2 fault, suggesting paleo-relief on the fault with the northwest side down. 


f) Alteration

The following description of alteration is after McGill et al. (1993).  The lower part of the Athabasca Group is intensely silicified and weakly bleached in the vicinity of the P2 North deposit.  As a result, hydrothermal clay alteration is minimized in the immediate overlying sandstone.  These characteristics contrast dramatically with the bleached, clay altered haloes associated with most other unconformity related uranium deposits of the Athabasca region.  However, dravite (tourmaline), and drusy quartz is present in fractures. Dravite is interstitial to the framework sand grains in the upper MFc and MFd.  Chlorite is also present in these upper members, and limonite (goethite) is a common late alteration related to recent circulation of oxidizing meteoric water.  The surface effects of alteration are discussed by Shives et al. (this volume).  In addition, visual estimates of clay in the matrix of sandstones increase systematically downward (Yeo et al., this volume).

The upper 225 m of the Manitou Falls Formation (part of member MFc and all of MFd) are not silicified but pervasively bleached.  As noted by McGill et al. (1993), these units rarely contain significant amounts of primary hematite so that bleaching is interpreted as regional.  Local hydrothermal events may have been superimposed with little measurable effect.  Silicification is weak and variable in the upper 375 m of sandstone, but increases dramatically below this.

g) Preliminary Stratigraphic Logging Results of MAC 218

Drill hole MAC 218 at the north end of the P2 trend at McArthur River was logged both geophysically (Sub-Project 2) and stratigraphically (Sub-Project 4, Yeo et al., this volume) to cross-calibrate stratigraphic and borehole geophysical parameters.  Throughout the course of Sub-Project 4, all drill holes were logged by entering data on a spreadsheet to facilitate numerical analysis and objective comparison between Sub-Projects.  The most logical software for our purpose is LogView (Markarian et al., 1996), which was developed at the Geological Survey of Canada for borehole geophysical purposes and has since realized a number of new applications.  It uses ASCII or binary files that can be generated from spreadsheet data, and is both user-friendly and versatile.  The stratigraphic plots shown here and in Yeo et al. (this volume) are its most recent adaptation. The numeric stratigraphic data that are compared with borehole geophysical data are briefly summarized in Table 2.  These data were generated for each stratigraphic unit and plotted using LogView in a histogram form.

Table 2.  Numeric descriptors of stratigraphic-sedimentologic parameters.

Lithology
Numerical approximation of the overall modal grain size of the stratigraphic unit, taking into consideration both matrix and framework grains and plotted as minus phi equivalent (log2,D) where D is clast diameter.

MTG
Maximum transported grain size (visual average of 10 largest grains observed), in mm, plotted as minus phi (log2,D) where D is clast diameter.  This is a method of defining conglomerate together with % >2 mm. 

% >2 mm
A visual estimate of the percentage of clasts in the unit whose diameters are greater than 2 mm (granule size or greater). This is a method of defining conglomerate together with MTG.

Cross Beds
xBcm = height of cross beds in cm, measured as the maximum distance between discordant sets of laminae in the unit being logged.

Rounding 
A visual estimate of the largest clasts by number ranging from Very Angular (1) to Well Rounded (6).  This is the weakest and least useful numerical attribute based on EXTECH logs.

Sorting
An overall visual estimate for the whole unit, by number ranging from Poor (1) to Very Well (4).

Per cent Clay
% Clay is the percentage of clay in matrix as proportion of whole rock; excluding clay in intraclasts.

Hematite
An overall visual estimate of the abundance and type of hematite in the rock expressed on a scale of 0 (Trace or no hematite) through 4 (Intensely hematitic, brick red to black-red) to 5 (abundant detrital hematite).  This estimate does not include limonite which is commonly late, and is described in verbal descriptions in the logs.

The Manitou Falls Formation in drill hole MAC 218 rests unconformably on Wollaston Group paragneisses in the hanging wall of the southeast-dipping P2 reverse fault.  The basal unconformity is at 493 m, the base of MFb was picked by Cameco at 407 m, the base of MFc at 260 m, the base of MFd at 180 m, and depth of overburden is 13 metres.  Borehole logging was conducted to 480 m - the top of the basal “fanglomerate” unit of Cameco.  The following description is based on analysis of detailed spreadsheet data, a LogView plot of 8 stratigraphic parameters (Figure 6) plus a comparison plot of selected geophysical and stratigraphic parameters (Figure 7).

The lowest stratigraphic unit recognized in MAC 218 comprises, from bottom to top, a basal conglomerate (Facies 1 of Yeo et al., this volume), a red mudstone-dominated sub-unit (Facies 3) and a coarse conglomerate (Facies 4).  Contacts between these are interbedded, and the red coloration of Facies 3 is present throughout.  As noted by Yeo et al. (this volume) these appear to be relatively undisturbed primary diagenetic red beds, in this locality somewhat bleached and significantly hardened by silicification.  This member is indicated by FC in Figure 6 and, to avoid confusion with existing stratigraphic usage, is not included in MFa.  Future work may resolve whether or not this member should be included in MFa.

The MFa member as defined by Cameco excludes the basal unit, but includes two preliminary subunits recognized by EXTECH.  Sub-unit MFa1 is the lowest for which borehole geophysical data could be obtained, and extends from about 483.6 to 450 m.  It is much like MFa2 but has a higher proportion of sandstone, less conglomerate and fewer mudstone interbeds.  It is transitional between Facies 6 and 7 of Yeo et al. (this volume).  This unit was somewhat generalized in the stratigraphic logging process and more analysis will be forthcoming.

The upper sub-unit MFa2 extends from about 450 to 407 m and comprises Facies 6 - coarse sandy conglomerate and gravelly sandstone.  The conglomerates here are somewhat cleaner and mudstones less abundant than in Facies 8.  Most characteristic is the abundance of coarse sand- and granule-sized grains in both cross-bedded and planar to low-angle cross-bedded sandstones.  The granules are typically well rounded and very clean in appearance.  In MAC 218 these rocks are highly silicified, including the mudstone interbeds.  The -ray log thus picks out the conglomerates, although with lower activity than the MFb conglomerates.  Resistivity overall is high, likely reflecting the degree of silicification.  

The MFb member is picked by Cameco to extend from 407 up to 259 m.  Three sub-units are evident within Cameco’s MFb in MAC 218.  The lowest member (MFb1, from 407 up to 362m) is almost entirely Facies 7 of Yeo et al. (this volume) - medium to coarse sandstone, with a minor conglomerate zone at 380 m that is reflected in the -ray log.  MFb1, with its better sorting and high degree of silicification, is reflected geophysically as having relatively high resistivity and lower -ray. The upper two members  (MFb2, 3) extend up to 310 and 259 m respectively.  These are variants of Facies 8, with the upper having a clearly smaller proportion of conglomerates, fewer and thinner mudstone interbeds, a generally greater maximum cross bed height and noticeably less hematite.  The correlation between conglomerate and -ray log is powerful.  

The MFc member continues the overall upward-fining nature of the Manitou Falls Formation, and is transitional between MFb and MFd: it contains some clay intraclasts as well as an upward-decreasing abundance, thickness and MTG of granule and fine-pebble conglomerates. Our picks of 259 m as the base and 161 m as the top of MFc are consistent with those of Cameco and are supported by the facies definitions of Yeo et al. (this volume).

MFc member is Facies 9 of Yeo et al. (this volume).  Overall the height of cross beds appears to increase upward with upward-decreasing clay content of sandstone matrix and increased upward sorting.  MFc is subdivided into three sub-units: MFc1, MFc2 and MFc3 reflecting upward-fining and thinning cycles recognized from one or more of grain size (lithology, MTG and %> 2mm) and cross-bed height.  

The MFc2 sub-unit as logged by EXTECH begins with a small mixed interval from 231.55 to 227.73 m characterized by conglomerates more than 2 cm thick with diffuse contacts and MTG of 8 mm.  From 259 m up to 231.55m, conglomerates are absent in MFc1, so this thin unit of conglomerate is considered a marker at the base of the middle sub-unit MFc2.  This marker clearly stands out on the -ray log, and has been observed in a number of other holes logged in the McArthur River area, suggesting that it has potential for practical use in constructing detailed structural and stratigraphic models.  Regionally, this marker may represent a tongue of conglomerate that may be much thicker and more abundant to the east, and may thus become the pick for the base of MFc in eastern drill hole sections.

Our  preliminary pick for the base of MFd is at 161 m, based on the absence of to very sparse clay intraclasts below this depth, and this being the base of the third upward-thinning and fining cycle.  This correlates with other holes, especially Close Lake CL77, but more regional work is needed in consultation with industry colleagues before making this a firm pick.  It does not appear to be a major sequence break - it is more of a punctuation of Manitou Falls Formation’s overall upward-fining sequence.

The MFd member is characterized by medium- to fine-grained pale yellow-gray sandstone with thin coarse sand to granule laminae and clay intraclasts constituting from 0.5 to 2% of the rock volume (Facies 10 of Yeo et al., this volume).  Intraclasts and the coarse sand / granule beds tend to be spatially associated with reactivation surfaces at the base of large cross beds.  The sandstones are abundantly cross-bedded with three crude upward-thinning sequences suggested by maximum cross-bed thickness ranging from 10 to 50 cm (Figure 6).  These sub-units, herein termed MFd1, MFd2 and MFd3, appear to correspond to lithologic fining upward cycles and to subtle -ray activity cycles (Rider, 1986) at about the same scale.  MTG fines upward overall with improved sorting. The upper contact of MFd is not preserved at this locality.

h) Preliminary Geophysical Logging Results

The boreholes that were geophysically logged at McArthur River (MAC218 and MAC197) intersect overburden, sandstone of the Athabasca Group and the crystalline basement rocks.  However, these holes are cemented at the unconformity, therefore no geophysical logging was conducted in either the mineralization or the crystalline basement.

Lithology and Multiparameters Logs

The suite of geophysical logs acquired at McArthur River comprised natural -ray spectrometry, spectral - density, magnetic susceptibility, temperature, inductive conductivity, single point resistivity, normal resistivity, IP and FWS logs. Figure 7 shows only three of these geophysical parameters (-ray, resistivity, and IP) compared to the stratigraphic data. The narrow, high -ray activity units correlate well with the increase in pebble size. The zones are conglomeratic and the elevated -ray activity in these zones is primarily due to thorium (from spectrometric -ray data, not shown). The IP and resistivity logs correlate fairly well with the hematite log. There is an increase in the IP effect in the upper part of the borehole that cannot be explained at the moment.

Temperature-Depth Profiles

Figure 8 shows the temperature- and temperature gradient-depth profiles acquired in hole MAC218. The temperature profile exhibits a response characteristic of an artisian well. Water is entering the borehole around 280 m and exiting close to the surface around 20 m at a fairly fast rate as indicated by the almost constant temperatures (20 – 280 m) or almost zero temperature gradients. Although the shallower part of the borehole exhibits high flow rates, the lower section appears to be reasonably stable. There is a minor temperature anomaly around 430 m that may be associated with localized groundwater flow along fractures. The temperature gradient near the bottom of the hole is approximately 12 mK/m. There are no significant changes in either the temperature or temperature gradient near the bottom of the hole that could be related to the influence of radiogenic heat from the uranium mineralization. The effects of uranium mineralization on the temperature distribution in the portion of the borehole that was logged may be subdued by groundwater flow.

Acoustic Properties of Sandstones

Figure 9 shows the density, compressional-wave velocity and the acoustic impedance logs acquired in borehole MAC218. The lithology log was provided by Cameco. The density log shows low densities in the Manitou Falls C (at ~200 m) and D (at ~60 m and ~140 m) Formations probably due to fracturing. All the logs indicate a significant change around 320 m in the Manitou Falls B Formation. Above 320 m the density, Vp and acoustic impedance are low (2.27 g/cm3, 4.80 km/s and 10.9 km/s g/cm3, respectively) and below 320 m they are high (2.48 g/cm3, 5.67 km/s and 14.06 km/s g/cm3, respectively).  The reflectance at this interface is approximately 0.127. Both the density and Vp decrease towards the basement and, hence, the acoustic impedance also decreases, presumably because we are approaching the highly fractured, mineralized zone at the unconformity. Unfortunately this borehole was cemented at the bottom to seal off the mineralization. 

Discussions and Conclusions

Geophysical logging of the uranium deposits in the Athabasca Basin presents several challenges. The first challenge is accessibility to the borehole sites by a logging truck and this could be easily overcome by improving the construction of the roads to the borehole sites. The other two main challenges include maintaining the holes open for a long enough time for logging operations to be carried out, and the extremely high-grade uranium mineralization producing extremely high -ray activity. To prevent the holes from collapsing, they have to be cased with plastic. This means that certain geophysical parameters cannot be acquired in the boreholes (e.g. galvanic resistivity and IP). If logging is acquired immediately after drilling, the holes often have to be stabilized from collapsing by pumping bentonite mud into them.  These procedures introduce some complexity into data processing and interpretation (corrections for mudcake and the activity from bentonite itself). The -ray logging probes have to be shielded in order to cope with the extremely high -ray activity in these deposits. This means that special calibration procedures have to be determined for in-situ ore grade estimations.

The data that have been collected at the two deposits were acquired with these challenges in mind. Plastic casing was installed in the boreholes at the Shea Creek project and instead of shielding the -ray probes, a probe was designed with a fairly small detector to counteract the “deadtime” problem produced by high count rate. These data will be analyzed before the next summer of field data acquisition (2001).

Mineralized zones are accurately delineated by the spectral - density and natural -ray techniques. The spectral - ratio, being a heavy element indicator, shows the relative uranium grade distribution within the mineralized zones and, hence, there exists the possibility of calibrating this parameter for in-situ ore grade estimation. The density responses within the mineralized zones are indicted as high count rate regions suggesting that they are low density zones. However, this is not the case. The high count rate is attributed to the high radioactivity from the uranium mineralization and methods of dealing with this problem are currently being investigated.

The full waveform acoustic data clearly shows the highly fractured zones within the sandstone and the basement. The highly fractured nature of the basement rocks in the boreholes that were logged show compressional-wave velocities being relatively lower than expected (4.86 km/s). The boreholes that were logged did not intersect fresh, unaltered basement rock, and therefore the true velocities of the unaltered basement could not be determined.

Use of the same plotting software for both geophysics and numerical representations of sedimentologic parameters demonstrates very strong benefits to both disciplines, in confirming the importance of the various geophysical parameters discussed above as well as improving our confidence in the stratigraphic parameters measured.  In particular, the correlation between -ray and "%>2mm" is powerful for defining conglomerates, resistivity appears to be a measure of sorting and IP reflects zones of intense hematite.  Other subtle geophysical and sedimentologic patterns appear to correlate and warrant further analysis.  By providing acoustic data in this context, these initial borehole geophysical results strongly contribute to the EXTECH IV project proposal to calibrate and enhance the interpretation of high-resolution seismic reflection data.
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Figure 1:
Map of the Athabasca basin showing the location of the Shea Creek Project (western part of the basin) and the McArthur River (eastern part of the basin) uranium deposits.
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Figure 2.
Grain size, total count -ray, density and compressional-wave velocity logs acquired in hole SHE105-4, Shea Creek project.  Grain size log and formation data provided by COGEMA Resources.
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Figure 3.
Temperature and temperature gradient profiles acquired in hole SHE105-4, Shea Creek project. 
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Figure 4.
Fracture frequency, compressional-wave velocity (Vp), tube-wave amplitude and variable density logs (VDL) acquired in hole SHE105-4, Shea Creek project, Cluff Lake.
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Figure 5.
Total count -ray, conductivity (uncalibrated probe data presented in arbitrary units), density and the spectral - ratio logs through uranium mineralization in borehole SHE105-4, Shea Creek project, Cluff Lake.
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Figure 6.
Stratigraphic data from EXTECH drill core logging. See text for description of parameters. Formation column shows Cameco on the left and EXTECH on the right.
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Figure 7.
Total count -ray, resistivity and IP logs compared with stratigraphic data (grain-size, cross-bedding, relative sorting, percent clay and relative hematite). Data acquired from hole MAC218, McArthur River. 
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Figure 8.
Temperature and temperature gradient profiles acquired in hole MAC218, McArthur River.
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Figure 9:
Acoustic logs (density, velocity and acoustic impedance) acquired in hole MAC218, McArthur River.
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