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1. Introduction

High-resolution and regional multi-channel seismic reflection profiling was conducted in 2000 (Hajnal et al., 2001; White et al., 2001) under the auspices of the EXTECH-IV Athabasca Multidisciplinary Uranium Studies Project (Jefferson and Delaney, 2001).  The two overall goals of the seismic program were to test the effectiveness of seismic techniques as tools for uranium exploration, and to contribute to the four-dimensional geoscience framework for uranium exploration within the deeper recesses of the Athabasca Basin.  Here, and in companion papers (Gyorfi et al. and Hajnal et al., this issue), we present the final results from the various seismic investigations and provide an assessment of the results in view of the original objectives which were to: 1) define the subsurface stratigraphy of the sedimentary rocks within the basin, 2) provide a detailed image of the basement unconformity which hosts the majority of the uranium ore deposits, 3) characterize the basement unconformity using seismic attributes and identify attributes that define zones of mineralization, 4) locate and image faults that have been instrumental in ore deposition, 5) determine the seismic signature of a known ore deposit, 6) define the regional basement structure underlying the basin including faults. 

 Gyorfi et al. (this issue) presents a detailed interpretation of the 2D high-resolution seismic profiles through the mining camp, and Hajnal et al. (this issue) provide an interpretation of the regional seismic profiles in terms of the tectonic framework of the western Trans-Hudson orogen (Hoffman, 1990). Here, we present results for the entire seismic program, but given the complementary nature of the afore-mentioned papers, we focus on results from downhole vertical seismic profiling and the high-resolution 3D survey. Prior to presentation of the results from the field program, we provide a discussion of expected reflectivity characteristics for the  McArthur River geological setting and simulation results for a model of the orebody. All of these results are considered with a view to effective use of seismic methods for further exploration within the Athabasca Basin and other analogue basins (e.g., Thelon, Hornsby basins).

2. Geological Setting

The McArthur River mine site is located in northern Saskatchewan (Fig. 1) in the eastern part of the Athabasca Basin at the interface between the basement Wollaston and Mudjatik domains of the Archean Hearne Province. In the area of investigation, the western Wollaston and transitional Wollaston-Mudjatik basement lithostructural domains have been multiply deformed and metamorphosed (Portella and Annesley, 2000) within the southeastern Hearne margin during ca. 1.8 Ga continent-continent collision recorded by the Trans-Hudson Orogen.

In the region of investigation, the Athabasca Group sandstone basin-fill (400-600 m thick) comprises members MFa, MFb, MFc and MFd of the Manitou Falls formation (Fig. 1; Matthews et al., 1997; Bernier et al., 2001). The uranium ore-deposits in the basin are recognized as unconformity-type and are well documented in the literature (Sibbald, 1986; Hoeve and Quirt, 1984).  The McArthur River minesite is located along the northeastern margin of the P2 structure, where the unconformity-type super-high-grade uraninite pods (151,742 tonnes U in Proven and Probable reserves at 17.96 % U; Thomas et al., 2000) are located at a depth of about 550 m (Jamieson and Spross, 2000).  The McArthur River ore bodies are located at or just below the sub-Athabasca unconformity and the associated paleo-weathered zone (e.g., Fig. 2), structurally controlled by moderately dipping reverse faults of the P2 structure which offset the unconformity by up to 80 m, and obliquely intersect the traces of conductive graphite-rich, pelitic basement gneisses. (McGill et al., 1993).

3. Previous Seismic Work

Seismic methods have not been extensively tested in the Athabasca basin, although the reconnaissance refraction surveys of Hobson and MacAuley (1969) and Overton (1977) were successful in regionally mapping the depth of the sandstone-basement contact throughout the basin. Subsequent attempts to use this technique are not documented in the literature.  Several rudimentary reflection experiments (Fouques et al., 1986; Scott, 1983; Hajnal and Reilkoff, 1980) met with only marginal success. More recent seismic reflection investigations, through collaboration of LITHOPROBE and a consortium of mining companies, implemented the latest technology with considerable success (Hajnal et al., 1997). This success was largely responsible for initiation of the new work described in this study.

4. Seismic Reflectivity of the Basin Rocks

In the region of investigation, the Athabasca Basin generally comprises sandstones resting unconformably on intermediate metamorphic grade crystalline basement rocks. The boundary between these units is expected to be the primary reflector in this environment. However, variable reflectivity is expected due to variations within the sandstone column, the nature of the interface, and the basement lithologies. For example, documented variations (McGill et al., 1993; Mwenifumbo et al., 2000, 2001, 2002, 2003) include 1) the intermittent presence of a basal conglomerate unit immediately above the interface, 2) intense fracturing within the basal sandstone, 3) zones of silicification within the sandstone, 4) compositional variations of the underlying basement, and 5) the presence of a weathered layer (i.e., the regolith) at the top of the crystalline basement. Gyorfi et al. (this issue) provide a good geological description of some of these factors. Here, we attempt to quantify the effects that the various factors have in controlling the observed reflectivity using estimates of mineral composition, measured mineral properties, in situ geophysical logging measurements, and the results of vertical seismic profiling. It should be noted, that the borehole data which acts as a primary source of information here, are biased toward sampling mineralized zones (i.e., anomalous zones) as the majority of drillholes are located along the P2 mineralized zone. We consider the effects of mineralogical composition, diagenesis, and physical state (intergranular porosity and fracture porosity).

The sandstone column 

The sandstones have a relatively uniform bulk mineralogical composition and thus should generally be weakly reflective. However, laboratory measurements on core samples and downhole geophysical logs (Mwenifumbo et al., 2003; summarized in Table 1 and Figure 3) document relatively large changes in density, compressional wave velocity (Vp), and acoustic impedance (Z) within the sandstone column that have an inverse relationship to porosity which in turn is primarily controlled by silicification/ desilicification and fracturing. Grain-size within the sandstones exerts a secondary influence on porosity (Jefferson, personal communication). Fracturing is likely restricted primarily to steep, narrow fault zones within the sandstone column and broader “damage” zones at the base of the section in the vicinity of basement faults (see below). In contrast, core logging (ref McGill?) and gravity modelling (ref Wood?) indicate that silicified zones extend laterally for hundreds of metres, and thus potentially represent prominent reflectors within the sandstone column. Large acoustic impedance variations and reflection coefficients (R) are associated with both silicification (maximum of 26% increase due to silicification; R=0.11) and fracturing (15% reduction due to fracturing; R=-0.08) according to Mwenifumbo et al. (2003). 

Geophysical logs for several boreholes within the McArthur River camp are shown in Figure 4 and demonstrate the variability in reflectivity within the sandstone column. In all of the borehole logs, a zone of high acoustic impedance is observed in the lower portion of the sandstone (at ~300-350 m) corresponding to a zone of silicification. The vertical abruptness of the associated acoustic impedance change determines whether a prominent seismic reflection is observed (e.g., boreholes 257, 258, and 259) or not (borehole 218). Prominent reflections are also observed from thin zones with anomalously low acoustic impedance that are likely fractures (e.g., indicated by label ‘Fr’ in Figure 4). The lateral extent of these zones is uncertain, but we suspect that they are local features.

Basement rocks

Composition of the major basement lithologic units is variable and includes pelitic gneisses (>18% garnet+biotite±cordierite; with biotite and garnet ranging from 15-25% and 3-10%, respectively), psammitic gneisses (<90% SiO2 and up to 20% sillimanite), quartzites (>90% SiO2) and granites. Rock property measurements on basement rocks from the McArthur River region are limited, as are in situ geophysical logs that penetrate the basement (exceptions are RL-92 and MAC-265; see Mwenifumbo et al., 2003). Acoustic impedances can be estimated for the basement lithologies using the single mineral properties in Table 2 to obtain values for isotropic mineral aggregates. Perusing the acoustic impedance values in Table 2, it is clear that acoustic impedance in the basement rocks will be strongly affected by the percentage of mafic minerals cordierite, sillimanite, and garnet as the acoustic impedance values of these minerals are ~50% (cordierite) to ~100% (sillimanite and garnet) greater than quartz and plagioclase. Thus, assuming that the bulk rock composition (excluding mafic minerals) is quartzitic, then impedances can be estimated for different basement compositions (Table 3). As displayed in Figure 3, the impedance of the basement rocks varies by a maximum of 12% (quartzite compared to psammitic gneiss) as compared to variations of up to ~30% within the sandstone column. Taking the range of estimated basement impedances, reflection coefficients of R=0.27 to 0.31 (Figure 5) are expected for a sandstone-to-basement transition, and R=0.11 to 0.16 for a silicified sandstone-to-basement transition. Given the small range in impedances for the different basement lithologies, it is unlikely that different basement domains can be distinguished based on reflection strength. However, regions where the overlying sandstones have been silicified may be distinguished from the sandstone/basement by reduced reflection strength.

It is noteworthy that limited sonic log results (boreholes RL-92 and MAC-265 in Mwenifumbo et al., 2003) show that the basement quartzites actually have slightly higher Vp than the pelitic gneisses in contrast to the estimates in Table 3. This is likely due to some combination of 1) diagenetic processes (silicification with quartz replacing mafic minerals), 2) retrograde metamorphism (introduction of chlorite), or 3) fracturing within the less competent pelitic gneisses.

Variability at the Unconformity

Variability in the unconformity will have a significant effect on the associated reflectivity (see summary in Figure 5). Fanglomerate has a higher impedance than the sandstone and silicified sandstone (Table 2 and Figure 3) and thus, where present at the base of the sandstone column, will act to reduce the reflection strength at the unconformity (to R=0.06-0.11), but could result in an additional reflection at the contact with the overlying sandstone (R=0.05-0.15 for sandstone and silicified sandstone, respectively). Fracturing within the lowermost sandstone column is observed in a number of boreholes and is accompanied by a corresponding reduction in Vp (and to a lesser extent in density). As observed, this actually results in a 30-50 m thick low-velocity zone at the base of the sandstone column and will result in a negative polarity reflection followed by a very strong positive polarity reflection (Figure 5). The presence of a regolith should result in reduced velocities in the basement and hence reduced reflection strength in association with this interface. As well, if the regolith results in a broader depth range over which the velocities increase toward that of the unweathered basement rocks, this too would result in reduced reflection strength.

Summary

Internal reflectivity of the sandstones should generally be weak (R< 0.05), with the exception of zones of fracturing (R=-0.08; very local effect)  or silicification (R=0.11). The sandstone-basement contact should generally be a very strong reflector (R=0.27-0.31), but the reflection strength will be reduced if the overlying sandstone is silicified (R=0.11-0.16). It will also be reduced in strength if fanglomerate is present at the base of the sandstone (R=0.06-0.11), or if a pronounced regolith is present. Extensive fracturing at the base of the sandstone will result in reflections from the top (R=-0.11) and bottom (basement, R=0.25) of the resultant low-velocity zone.

5. Reflectivity of the Orebody

Estimated impedance values for the uranium ore (Z=32-50 based on the logging results of Mwenifumbo et al., 2002) are very high relative to the host rocks and thus has the potential to produce strong reflections. However, the size of the orebodies is ultimately the factor which determines whether they can be detected seismically, or not. To investigate the expected seismic response of an orebody, simulation of the vertical-incidence seismic reflection response of a representative uranium orebody has been calculated. The model (Figure 6) is based on a cross-section of the McArthur River orebody from Jamieson and Spross (2000) as depicted in Figure 2. The seismic response as recorded on vertical component (Fig. 7a-d) and horizontal component (Fig. 7e-h) geophones is presented. Although only the vertical component response is directly comparable to the data from the multi-channel vertical-component seismic profile acquired in this study, we also present the results for the horizontal component with a view to assessing the potential utility of horizontal component geophones in detecting ore zones. The following results are noteworthy: 1) The sandstone/basement interface results in a large amplitude, laterally continuous reflection on the vertical component (Fig. 7a,b), whereas it is generally invisible on the horizontal component (Fig. 7e,f). 2) The orebody and the fault offset in the sandstone/basement interface both result in relatively weak diffracted energy (hyperbolic trajectories labeled P-P and P-S in Fig. 7) emanating from the vicinity of the fault and the orebody. 3) An asymmetry in the amplitudes of the diffractions is observed. This is due to the dip of the orebody resulting in higher amplitudes observed in the down-dip direction. 4) The P-to-S converted wave diffraction from the orebody has higher amplitude than the P-wave diffraction. 5) The down-dip P-wave diffraction and the P-to-S converted wave diffraction are more prominent on the horizontal component.

These simple modelling results suggest the following: 1) The seismic diffraction response that characterizes orebodies (i.e., diffractions) is generally similar to the diffraction resulting from the hosting (or bounding) fault zones that are commonly associated with uranium deposits in the Athabasca Basin. 2) However, the asymmetry in the amplitude response (higher amplitudes down-dip) of the orebody has the potential to distinguish mineralized fault zones from barren faults. 3) The larger response recorded on the horizontal component suggests that horizontal component geophones may provide enhanced detection of the steeply dipping ore zones. 4) The characteristic diffraction response is observed on the unmigrated section, suggesting that evaluation of seismic profiles for potential orebody responses is best done prior to migration. 

6. The Seismic Data

The multi-element seismic acquisition program (see Figures 1 and 8 for general location) was designed to address the objectives described in the Introduction. Objectives 1 to 5 are addressed by a variety of high-resolution seismic components including: 1) 8 km of high-resolution 2D seismic profiling along lines 12 and 14 (see Figure 9 for location; see also Gyorfi et al., this issue), 2) a limited 3-D high-resolution survey (see Figure 10 for location), 3) high-frequency near-offset  and far-offset vertical seismic profiles (VSP) using borehole MAC218 (see Figure 9 for location), 4) high-resolution 3-component recording as part of elements 1 and 2, and 5) 3D vertical seismic profiling. To address objective 6, 39 km of deep-sounding seismic reflection profiling was conducted along 2 regional lines (A and B of Figure 8; see also Hajnal et al., this issue). All of these elements are described below with the exception of the multi-component recording and the 3-D VSP. Prior to presenting the various data sets, a brief discussion of seismic resolution is provided to allow valid comparison of the different data.

6.1 Seismic resolution

It is important to recognize the difference in resolving power of the various seismic methods used in this study. The scale of geological features that can be seismically imaged is fundamentally determined by the frequency content of the seismic wavelet and by the seismic wavespeed (Vp for compressional waves) of the subsurface. Conventionally, the vertical resolution is defined in terms of the minimum thickness of a thin bed that can be imaged, which is (/8 (Widess, 19xx) where (= Vp /fc, and and  fc is the central frequency of the seismic wavelet. Estimates of achievable lateral resolution is defined by the Fresnel radius for unmigrated data (F=((z/2)1/2 ) where z is depth. For accurately migrated data (i.e., when the subsurface wavespeed Vp is well known) the lateral resolution is (. A summary of the frequency content of the different seismic methods used in this study and their resolution limits is provided in Table 4.

6.2 High-Frequency Vertical Seismic Profiling (VSP)

Vertical seismic profiles (VSP) were acquired using near- and far-offset surface sources located at 27 m and 326 m distance, respectively,  from the MAC-218 borehole collar (see Fig. 9 for location).   The data were acquired using a 4-level, 3-component downhole seismic acquisition system to record energy generated by a mini-Vibroseis system. The mini-Vibroseis system is capable of producing a signal with 20-300 Hz bandwidth as compared to a maximum frequency of 170 Hz achieved in the high-resolution surface seismic survey (see next section). The objectives in acquiring the VSPs were two-fold: 1) Calibration of the surface seismic reflection profiles. 2) Test of high-frequency acquisition for resolving basin-fill stratigraphy. The acquisition parameters are shown in Table 5. 

The primary advantage of vertical seismic profiling (shown schematically in Figure 11) is that observed reflections can be traced directly to the borehole where the geology is known. Seismic waves emanating from a surface source are reflected from geological interfaces and recorded by geophones located in the borehole. As the geophone locations approach the point where the borehole intersects the reflecting geological horizon, the reflection point on the horizon and geophone position converge. This geometry allows definite association of reflections with specific geological interfaces. Furthermore, travel times from the surface to known depths within the borehole provide accurate velocity information for conversion of the surface seismic data from travel time to depth.

The data sets for both VSPs were processed following a similar processing sequence (see Table 6). Figure 12 shows the processed data for both VSPs, compared to the borehole geology and geophysical logs from Mwenifumbo et al. (2000). Figure 13 shows a corridor stack (Hardage, 1985; Ellis, 1987) determined from the near-offset VSP (VSP-1), along with the depth image obtained by CDP-transform of the far-offset VSP (VSP-2), and Figure 14 compares the sonic log based synthetic seismograms, corridor stack and the CDP-transform depth image all converted to depth using the same interval velocities. The corridor stack procedure transforms the VSP data into a format that is more directly comparable to corresponding 1D synthetic seismograms determined from borehole logs (e.g., Fig. 4). The far-offset VSP characterizes the reflectivity over distances of up to 150 m from the borehole, in contrast to the near-offset VSP which images only the immediate vicinity of the borehole. The following observations apply to the VSP data in Figures 12 to 14: 1) There is significant reflectivity throughout the depth range associated with the basin-fill sediments (Manitou Falls formation a-d). 2) Reflectivity within the individual units of the Manitou Falls formation is generally as strong as any reflectivity associated with the boundaries between these formations. This suggests that regional seismic mapping of the boundaries between the individual units will be difficult, although their internal reflectivity may provide a means  of  identifying the individual units. 3) Reflections are generally not extensively laterally continuous within the sandstone column. 4) The reflectivity observed on the VSPs differs significantly from that determined from the sonic logs. Furthermore, the reflectivity observed on the near- and far-offsets is not in total agreement. The cause of this is discussed below. 5) Reflectivity to ~350 m depth is relatively weak with the exception of  a prominent reflection (Fig. 14) at ~210 m depth (A) and a zone of reflectivity at ~300 m depth (B). The source of the reflection A is uncertain. The reflectivity at B may be associated with the silicification front, although there is discrepancy at which depth the front actually begins (~300 m depth on the sonic log, but ~250 m depth on the VSP velocity log). 6) Reflectivity increases substantially within the basal portion of the sandstone column (A-D in Fig. 14) and in the vicinity of the unconformity (depth marked by UC). A prominent negative polarity reflection (D in Fig. 14) is observed on both the sonic and VSP data. Comparison with the Vp and density logs shows that this zone corresponds to a low velocity-low density zone at the base of the sandstone. Even in the presence of the uncertainties in converting travel time to depth, it is clear that the strongest reflectivity (on either the corridor stack and the depth image in Fig. 14) occurs above the unconformity. 

7) A prominent reflection (E in Fig. 14) is observed on the corridor stack from a depth of ~600 m. This reflection corresponds to weak but laterally continuous reflection on the VSP-2 depth image. It may be a reflection within the basement, or it could represent the base of the regolith.

The different scales of sampling between the sonic logs and the VSP, result in 

incomplete agreement between the estimates of reflectivity from sonic log-based synthetic seismograms and the VSP-1 corridor stack or VSP-2 depth image (Fig. 14), as well as differences in the interval velocities (Fig. 15) estimated from the two methods (see Table 4). The VSP results show which reflectors are more than just local features restricted to the immediate vicinity of the borehole, and provide a representation of the reflectivity that is closer to the scale that is relevant to the surface seismic profiles. Thus, in interpreting the significance of reflectivity from the sonic-logs and the VSP data, the VSP data should take precedence. The importance of scale is further emphasized in Figure 13 where the VSP reflectivity for both the near- and far-offset VSPs are compared. Whereas the near-offset VSP samples the immediate vicinity of the borehole (i.e., within the Fresnel zone), the far-offset VSP has reflection points that extend up to 150 m from the borehole. Thus, prominent reflections that are observed on both VSPs over a large depth range have enough lateral extent to be observed on the surface seismic profiles.

The ultimate objective of acquiring the VSP data was to allow direct correlation of the surface seismic images to the geology from borehole MAC-218 (Fig. 16). Inspection of the Line 14 high-resolution seismic reflection image at the projected position of borehole MAC-218 reveals a very complex structure making rigorous correlation difficult. However, it does show that the basal section of the sandstone column is reflective and that reflectivity extends beneath the known unconformity at this location. 

6.3 2D High-Resolution Seismic Profiles

Two high-resolution 2D profiles (lines 12 and 14; see Figure 9 for location) were acquired across the northeastern margin of the P2 structure at the McArthur River minesite.  Detailed acquisition parameters, data processing sequence, and a detailed tectonic interpretation of these profiles can be found in Gyorfi et al. (this issue). Unmigrated images are shown in Plates 1 and 2, and in Figure 17. Here, we focus on the imaging capability of these high-resolution profiles in terms of the local geology and within the environment of an operational mine site. 

Signal-to-Noise Analysis

Acquisition of seismic data in the vicinity of an active mine operation presents some challenges due to the relatively high ambient acoustic noise levels within the seismic frequency band. The synthetic modelling of section 5, along with data-based signal-to-noise ratio (S/N) estimates can be used to gain insight regarding 1) spatial variations in image quality (i.e., do they represent geological variations or recording conditions), and 2) the likelihood of observing a direct response from the orebody.

Figure 18 shows the S/N for all stations of lines 12, and Figure 19 shows the mean S/N at each recording (or CDP) station along both lines 12 and 14. In Figure 18, valid comparison of S/N can be made for similar shot-to-receiver offsets (i.e., trajectories running parallel to the bright (red-to-yellow) diagonal zone). The following can be seen: 1) S/N decreases with offset, as would be expected due to the 1/distance decay of amplitude for a spherical wavefront. 2) S/N is highly variable along the profiles with mean values ranging from 4-14 dB (Fig. 19; recall each 3 dB represents reduction by a factor of 2) with most values in the 6-9 dB range. 3) S/N is generally higher along line 12 than line 14, generally consistent with the difference in clarity between the corresponding images. 4) Low S/N is observed in the immediate vicinity of the mining camp (near receiver or CDP stations 300-500 along line 12), with the highest values occurring well outside of the camp (SE end of line 12).

 The nominal data fold for profiles 12 and 14 is 50-60, and thus the S/N enhancement that may be achieved by stacking is optimistically a factor of 7-8 (theoretically N1/2 where N is the number of traces being stacked) or ~9 dB. True-amplitude plots of example shot gathers are shown in Figure 20. Where S/N levels are high (Figure 20a), the observed reflection from the unconformity (S2 in Fig. 20a; amplitude ~24 dB down) exceeds the background noise (30-34 dB down) by ~6 dB in the region outside of the strong groundroll (GR) signal. The unconformity reflection (S2) is clearly seen in the unstacked data. Where S/N is reduced (e.g., Fig. 20b or 20c) the noise floor (20-24 dB) exceeds the unconformity reflection strength by up to 4 dB. Thus, although the reflector is not observed in the shot gather, it should be observable after stacking due to the expected notional 9 dB enhancement. Considering that the theoretical strength of the orebody response (see data simulation in Figure 7) is ~ 6 dB less than the unconformity reflection (say ~30 dB down in terms of the amplitudes of Fig. 20), observation of a direct response from the orebody in the unstacked data would be marginal at best. After stacking, a direct response should be observable in high S/N areas (e.g., conditions away from the mining camp, SE end of line 12), but would be unlikely in low S/N areas (i.e., the mining camp).

The importance of recording data at source-receiver offsets that are large relative to the target depth is appreciated by noting that along much of the length of the high-resolution profiles (particularly on line 14, but also on line 12) the S2 reflection observed in the stack comes primarily from large offset traces. Inspection of Figure 20 depicts how the S2 reflection is only observable once it emerges from the part of the gather that is dominated by groundroll. This is the case for the majority of shot gathers for both profiles 12 and 14. In optimal circumstances (e.g., along SE line 12 where S/N is high, and groundroll is reduced), the S2 reflection can be followed from the inside traces to far offsets. This also emphasizes the importance of applying groundroll suppression techniques.

Images from Lines 12 and 14

Unmigrated versions of the 2D high-resolution profiles are shown in Plates 1 and 2, and with a basic interpretation  superposed in Figure 17. Figure 22 provides an expanded view of example features of the seismic data. Here, we focus on simple interpretation of the first-order features of the seismic data, whereas the reader is referred to Gyorfi et al. (this issue) for a more complete geological interpretation. We note the following: 

1) There is lateral variation in the overall clarity of the seismic images that is largely due to variable recording conditions (both ambient background noise, and severity of source-generated ground roll). This is particularly apparent along Line 12 where the image is clear along the SE half of the line which is characterized by high S/N levels and less severe ground roll (see Figures 19 and 20).

2) Boreholes where the seismic data can be calibrated are located either at the ends (Rl-046, RL-089) of the seismic profiles where the data is poor, or in the immediate vicinity of the P2 structure (MAC-218, MAC-138, MAC-259, RL-068) where the structure is complicated and difficult to follow laterally from the borehole. Thus, the existing borehole and VSP data is limited in its potential to provide detailed correlation with the seismic data.

3) A laterally semi-continuous reflection (S2) at ~0.20-.30 s TWT (~400-600 m depth) divides the sections vertically into domains of distinct reflectivity; generally subhorizontal or gently undulating reflectivity above, from generally shallowly SE-dipping or more erratic reflectivity below. Based on depths to basement from limited borehole data (locations shown in Figure 17 and Plates 1 and 2), the predicted (see Section 4) and the observed (see Fig. 14) prominent reflectivity in the vicinity of the unconformity, as well as the truncation of underlying dipping reflections (B), this reflection is interpreted as originating from the unconformity. However, given the likely variability in reflectivity associated with the unconformity (see Section 4), and the lack of borehole control away from the P2 structure, it is recognized that this reflection occurs in the depth vicinity of the unconformity, but that it’s unequivocal identification with the unconformity senso stricto  has not been made. In fact, in the one location where reflectivity is groundtruthed by VSP data (borehole MAC-218; Fig. 14), the most prominent reflectivity occurs above the known depth of the unconformity. Thus, to be prudent, basement in Fig. 17 has been interpreted as the base of the prominent reflector S2. 

4) S2 shows considerable topographic relief (up to 0.05 s or ~120 m) along both profiles, occurring as broad open undulations (e.g., CDPs 650-800 along Line 12) and abrupt offsets (F1 in Figure 17a). The latter are most reasonably interpreted as fault offsets and can be followed in some cases (e.g., F1 in Figure 17a) as relatively low-angle structures into the underlying basement. The most vivid example where S2 is faulted occurs near CDP 600 on Line 12 (F1 in Figure 17a). These observations are consistent with both the existence of paleotopography (i.e., pre-sedimentation relief) and syn-to-post sedimentation faults. 

5) S2 also shows considerable lateral variability in character as highlighted in Fig. 22. It ranges from being a strong laterally continuous reflector (Fig. 22a), strong but laterally segmented (i.e., faulted; Fig. 22b), to weakly reflective (Fig. 22c). This variability is likely due to the geological variations in the vicinity of the unconformity (see Section 4 for discussion) although it is difficult to be more specific. In the case of Fig. 22a, the pronounced lateral coherency of the reflection suggests that it is likely due to a continuous sedimentary unit at the base of the sandstone column (fanglomerate?) as unconformities are not commonly this pronounced (ref. WCSB; MB). Where S2 is weakly reflective, it may indicate that the regolith represents a gradual transition to unweathered basement rocks.

6) Reflectivity above S2 within the Athabasca basin fill is generally highly variable both vertically and laterally, with many of the reflections having lateral coherence of < 100-200 metres. Short subhorizontal reflections within the sedimentary column likely represent lateral variations in the physical properties of the sediments in many cases (e.g., silicification, porosity, etc.; see Mwenifumbo et al., 2000 and discussion in Section 4) or perhaps facies changes. In some instances, discontinuities in sandstone reflections (e.g., A in Figure 17a) suggest angular unconformity within the sedimentary column.  Gyorfi et al. (this issue) interpret internal discontinuities located at different stratigraphic levels  within the sandstone as (a) poly-phase deformation (e.g., Fig. 22d), or (b) local unconformities resulting from tectonic control on sedimentation. The internal sandstone discontinuities and the complex image of the P2 fault are consistent with interpretations by Bernier et al. (2001) of variable syn-depositional faulting related to the P2 structure.   

7) A shallow laterally continuous reflection (S1, Line 12 in Figure 14) at ~0.05 s TWT (~120 m depth) shows relatively little relief (<0.02 s or 50 m) and minimal evidence for significant fault disruption over its ~1.5 km lateral extent. There is no drillhole control along this segment of the line, and thus the source of this reflection from within the sedimentary column is presently unknown.

8) The P2 fault (P2 in Figure 17a,b) which is associated with the P2-north orebody at this location can be seen as a vertical offset along the interpreted unconformity, and can be followed well into the basement (at least on Line 12) where it occurs as a prominent SE-dipping reflection. Gyorfi et al. (this issue) interpret the P2 structure as a reactivated basement shear zone.

9) A short, relatively strong reflection is observed at 0.23-0.25 s TWT (or ~500-550m) near CDP 400 of Line 12 (Fig. 17 and Fig. 22e) which corresponds to the mineralization trend that lies along strike from the  McArthur River ore pods (see Fig. 9 for location). is shown in Fig. 22. This locally bright reflection is tentatively interpreted as an ore-related response, although it is uncertain what particular aspect of the mineralized zone is responsible for producing this response. Based on the depth at which it occurs, it would appear to be located in the footwall of the P2 fault.

10) Basement reflections (B) dip at projected (but unmigrated) angles of <27( SE, which will steepen to <31( SE upon migration. These dips are generally shallower than the regional 40-45( dips observed in the basement. Further NW, basement is less reflective indicating either more structural complexity, a change in structural attitude to steeper dips or a change in basement lithology.  The maximum dip angle that can usually be resolved in seismic reflection surveys of this type is ~60º. The image in Fig. 21 is unmigrated and has been projected onto a section at N45oW.

6.4 3D High-Resolution Seismic Survey

A high-resolution 3D survey was conducted to obtain constraint on the true 3D geometry of structures imaged by the 2D high-resolution profiles in the immediate vicinity of the mining camp. Initial design considerations for the limited 3D survey are described in Hajnal et al. (2000). The actual survey geometry achieved is shown in Figure 10a and the resultant fold map is shown in Figure 10b. 3D coverage was obtained by recording shots from the 2D lines (12 and 14; Figure 10a) on a series of cross-receiver lines (10, 4, and 6), as well as recording a series of short auxillary shot lines (1,3,5,7,9,11,13,15) on these receiver lines and by receivers on the 2D lines (12 and 14). The acquisition parameters (similar to the 2D high-resolution parameters) are provided in Table 7. Combining the standard cable geophone channels and the VectorSeis geophones (deployed on lines 4 and 6), a total of almost 1600 vertical component recording channels were available for the 3D survey.

Data from the 3D survey (White et al., 2001) have been processed to obtain a 3D data cube using the processing sequence as indicated in Table 8. The results must be considered in view of the effects of uneven offset distribution and azimuthal coverage within the common depth point (CDP) bins introduced by the limited 3D acquisition geometry. Specifically, the uneven offset distribution compromises the cancellation of non-reflection energy during the normal moveout and stacking procedure. Data from cross-strike and along-strike vertical slices through the migrated data cube are shown in Fig. 23 (see Figs. 9 or 10 for the location of these depth slices). As can be seen there is significant energy within the data cube at ~0.25-0.35 s TWT corresponding the interpreted unconformity from the 2D profiles 12 and 14 (compare with Figure 17). 

We note the following: 1) The offset observed along the interpreted unconformity reflection is consistent with that known for the P2 fault in both sense and magnitude. 2) There is good agreement between the depth of the interpreted unconformity reflection on the 3D section where it ties with 2D lines 12 and 14. 3) The unconformity reflections deepens toward line 14. 4) The known location of the ore pods correspond to a zone of disruption in the interpreted unconformity reflection on the along-strike section. 5) Along-strike depth variations in the interpreted unconformity vary by up to 50 ms or > 100 m. Thus, accounting for the limitations of the 3D acquisition geometry as implemented, it appears that 3D seismic imaging is viable and shows potential for providing subsurface ore zone delineation.

6.5 Crustal Structure from the Regional Seismic Surveys

Two deep-sounding seismic reflection profiles (Lines A and B, Fig. 8) were acquired that transect the P2 and P2-North mineralized zones. Detailed acquisition parameters, data processing sequence, and a detailed tectonic interpretation of these profiles can be found in Hajnal et al. (this issue). Here, we consider the uppermost part of the section (0-2s) shown in Figure 24 and Plate 3. As in the case of the high-resolution lines, a laterally semi-continuous subhorizontal reflection (S2) in the shallowest part of the section (at ~0.2-0.3 s) is interpreted as the unconformity reflection, as it vertically separates a weakly reflective zone above it (Athabasca Group sandstones) from the more highly reflective underlying basement.  These reflections are clearly observed along the northern half of the profile whereas they are more obscure within the central and southern region of the line due to interpreted structural complexity.  The image of the unconformity indicates a northwesterly increase in thickness of the Athabasca Group sandstones from 400 m to 600 m. Significant topography is observed along the S2 reflector, including several abrupt offsets (F1-F3, P2) that have associated diffracted energy (unmigrated data) in some cases. Generally the sense of displacement along these interpreted faults (within the plane of the section) is SE over NW, consistent with the P2 structure. However, some faults (F1) have a normal sense of displacement (down to the SE). 

A prominent southeast-dipping, ~2500 m thick band of reflectivity (P2 in Fig. 24) extends from ~0.25-2.3 s TWT.  This zone is interpreted as an image of the southeast-dipping P2 shear/fault zone that projects to the near-surface location of the P2 ore-body.  The P2 fault image transects patterns representing gently folded structures of the basement rocks, suggesting that it is a relatively young tectonic feature, but likely reactivated from a previous structural feature.  

In addition to the seismic image obtained along Line B, tomographic inversion of the first-break (refracted) travel times from this line identifies a distinct high-velocity zone within the sandstone column in the hanging wall above and adjacent to the P2 fault zone (Fig. 25).  This velocity anomaly is interpreted as representing a broad zone of hydrothermal silification of the sandstone as recognized in nearby lithologic and geophysical borehole logs (McGill et al., 1993; Mwenifumbo et al., 2001). 

The regional seismic image from Line 1B is compared to the high-resolution image from Line 12 (Figure 26) where the two images are coincident. The large-scale features of the section can be observed in both images (i.e., the unconformity reflection and the SE-dipping basement fabric) although they are obviously much clearer in the high-resolution image. Although the depth variations in the unconformity reflection are traceable on the regional image, fault offsets are less clear, and the regional image provides very little detail within the overlying Athabasca sandstones. It should be noted however, that this section of Line B is perhaps the lowest quality segment along the line (see Figure 24). Furthermore, the regional data were processed with a view to providing a good crustal image from 0-16s. The quality of the shallow portion of the Line B image could likely be improved with processing focused on the upper 2 s.

7. Final Assessment and Conclusions

To conclude, we provide a summarized assessment of how well the objectives of this study were met, with suggestions for follow-on work.

Objective 1: Define the subsurface stratigraphy of the sedimentary rocks within the basin. The seismic data have shown little use for distinguishing or mapping the individual stratigraphic units of the Athabasca sandstones (e.g., Manitou Falls formation A-D). However, within the sandstone column the high-resolution images do define inferred brittle deformation zones (and accompanying bed rotation), constraints on pre- versus syn-post sedimentary deformation, limited disconformity, the lateral extent of inferred facies, and zones of diagenetic alteration (i.e., silicification and desilicification). The regional seismic images provide little information on the sandstone column, but could possibly be improved by focused processing of the shallow data. 

Objective 2: Provide a detailed image of the basement unconformity.  The basement unconformity is clearly mapped by the regional, and particularly the high-resolution seismic profiles. The depth to basement, topographic relief, fault offsets and sense of displacement are clearly imaged in general. Furthermore, lateral variations in the character of the interpreted unconformity reflection are observed. 

Objective 3: Characterize the basement unconformity using seismic attributes. Variations in the seismic character of the unconformity reflection are clearly recognized, but the geological significance of these variations is presently not well-constrained due to the lack of well-bores which 1) penetrate the basement, and 2) sample the geology away from the anomalous mineralized zones. A detailed understanding of the seismic stratigraphy will grow over time if such data become available, increasing the predictive value of the seismic images as a mapping and exploration tool.

Objective 4: Locate and image faults that have been instrumental in ore deposition. Numerous fault zones in addition to the P2 structure are clearly identified on the seismic data. In addition, there are indicators on the seismic images that uniquely identify the P2 fault zone, and that arguably may be diagnostic of mineralized fault zones.  Perhaps the most significant indicator of the distinct nature of the P2 structure comes from the regional seismic images where an interpreted basement shear zone extends deep into the basement. This is reminiscent of the deep plumming  systems that are associated with other type of mineral deposits (ref). In addition, a high velocity zone and locally bright reflection may provide further favourable indicators.

Objective 5: Determine the seismic signature of a known ore deposit. There is no compelling evidence that we see the signature of the P2 orebody on the seismic data. The 3D data do suggest that the unconformity is highly disrupted in the vicinity of the known ore pods. Synthetic modelling and signal-to-noise analysis of the high-resolution seismic data suggest that under ideal recording circumstances it may be possible to see a direct response from the orebody. Attempts to obtain a direct image of the orebody were hampered by high noise levels in the immediate vicinity of the mining camp, and the fact that the high-resolution lines did not run directly across the ore zone. 

Objective 6: Define the regional basement structure underlying the basin including faults.  Successfully achieved showing the depth to basement increased from 400 to 600 m over the length of the 25 km regional profile, identifying basement faults, imaging a prominent interpreted basement shear zone associated with the P2 structure, and imaging a regionally significant intrusive suite that may have genetic affiliation with the basin formation and subsequent mineralization (see Hajnal et al., this issue).

Recommendations for follow-on work: 1) The most obvious gap in the existing work is the ability to confidently interpret the seismic images in terms of geological variations that may be relevant to identifying prospective ore zones. Further geophysical logging and VSP acquisition are required in regions where the seismic data are clear (e.g., SE Line 12, or where the unconformity reflection is well-defined along Line 14). A systematic seismic stratigraphy can then be developed, expanding from a region that is well-controlled. Although sonic logging and rock property measurements provide insight into reflectivity of the subsurface, scaling effects limit their accuracy, whereas VSPs provides a closer representation of reflectivity in relation to the surface seismic profiles. 

2) Given the inability to acquire a seismic line directly over the orebody in order to determine the seismic reponse of the ore zone, it would be useful to obtain a VSP in a borehole directly above the orebody. This would be feasible, as the source point can be offset several hundred metres from the borehole location.

3) The orebody modelling in this study was two-dimensional and based on the geometry of only one of the pods. Further modelling is required to account for the 3D variability in the characteristics of the ore pods. 

5) Further modelling of the seismic response of the unconformity may be helpful to determine if waveform variations in the seismic data may be diagnostic of specific geological variations. 

6) The success of the limited 3D survey in this study suggests that a true 3D survey would be highly beneficial in orebody and structural delineation. Considering the ambient recording conditions and the desire to maximize the value of such information, the best time to acquire such data would be prior to development of new discoveries. 
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Figures

Figure 1. Generalized geology of the Athabasca Basin and adjacent basement

domains showing the location of uranium mines and occurrences.  The approximate location of the map shown in Figure 3 is indicated by the rectangle surrounding the McArthur River mining camp.

Figure 2. A simplified model of the McArthur River orebody (after Jamieson and Spross, 2000), used as the basis for the model in Fig. 13.

Figure 3. Velocity versus density for in situ measurements (black symbols; from Mwenifumbo et al., 2003), mean values determined for populations of the former (sandstone 1, sandstone 2, silicified sandstone, fanglomerate), and estimated for various basement lithologies (quartzite, psammitic gneiss, pelitic gneiss). Iso-impedance curves (Z) are also shown. Impedance values for the high-grade uranium ore zones range from 32 to 50 using the in situ logging velocities from Mwenifumbo et al. (2002) and an assumed density of 10.0 gm/cc.

Figure 4. Vp, acoustic impedance and reflectivity series determined from borehole sonic logs, and calculated seismograms. a) MAC-218, b) MAC-257, c) MAC-258, and d) MAC-259. The seismograms are determined by convolution of the reflectivity series and an estimated source wavelet. Abbreviations: Fr=fracture zone.

Figure 5. Summary of predicted reflection coefficients for various geologic scenarios. See text for discussion. The values are based on the assumptions that 1) transitions are abrupt, 2) there are no “tuning” effects due to thin layers, and 3) there is no attenuation.

Figure 6. Elastic model used for seismic simulation. The seismic properties of the sandstone layer and basement are indicated. The model was discretized on a 2 m grid, the time-step used for the finite-difference calculation was 0.002 msec, and the central frequency is 100 Hz. An explosive plane-wave source was used. A 2D finite-difference elastic wave algorithm was used for the simulation (Bohlen et al., 19xx).

Figure 7. Simulated vertical-incidence seismic reflection image (unmigrated) in the vicinity of the orebody (see Figure 6). The approximate location of the orebody and fault structure are shown. a-d) Vertical component (i.e., what would be measured on vertical component geophones), and e-h) horizontal component response. The panels are organized in pairs with a grey-scale image of the seismic response in the upper panel and a colour-coded amplitude image in the lower panel. P-P indicates P-wave diffractions and P-S indicates S-wave (converted) diffractions. Responses are shown for the complete model (a,b,e,f) and for the orebody only (c,d,g,h).

Figure 8. Location map showing the regional seismic lines (A and B) and orebody locations (P2, P2-North indicated in white) superposed on a vertical derivative aeromagnetic map of the area.  The numbers along the lines correspond to common depth point (CDP) stations (station spacing is 12.5 m). The white rectangle outlines the area shown in Fig. 9. The black rectangle corresponds to the area outlined by the black rectangle in Fig. 9.

Figure 9. Location map for the 2D high-resolution seismic lines 12 and 14, and vertical slices from the 3D data volume (3D-1, 3D-2 of Figs. 9 and 10). Also shown are the projection line for the line 12 seismic image in Fig. 21, the approximate locations of the P2 orebody, and the locations of boreholes referred to in the text. The black rectangle surrounding the McArthur River mining camp is the same as in Figure 8. CDP station numbers are labelled.

Figure 10. a) 3D survey geometry. The black rectangle surrounding the McArthur River mining camp is the same as in Figure 8. b) 3D stack fold diagram showing the number of seismic traces that fall within the individual bins of a rectangular grid of 15x15 m bins. A seismic trace represents the data recorded at a single geophone station from a single shot point. Each seismic trace is assigned to a bin in the grid based on the location of the midpoint between the source and geophone for that trace. Multiple traces (i.e., multifold) falling within a given bin are added together to increase the signal-to-noise ratio of the data that ultimately form a 3D image. The relatively high fold values and their even distribution bodes well for effective 3D imaging.  The black and white symbols indicate geophones and shot stations, respectively. 

Figure 11. Schematic diagram showing the VSP acquisition geometry.

Figure 12. Comparison of geology, geophysical logs and near- and far-offset VSP data. 

a) Geological log (from Cameco files: A,B,C,D indicate the different members of Manitou Falls Formation; dark grey below A is "fanglomerate" part of MFa resting on basement), b) P-wave velocity log (from Mwenifumbo et al., 2000), c) calculated reflectivity, d) calculated acoustic impedance (ibid.), e) near-offset and f) far-offset processed VSP data. Note that each trace in the VSP data has been shifted in time so that the first arrival occurs at twice the actual measured first-arrival traveltime (red line). This process “flattens” horizontal reflections in the VSP data, accurately for the near-offset VSP and approximately for the far-offset VSP. A proper transformation of the far-offset VSP data is shown in Fig. 13. The dashed lines indicate the depths at which some of the more prominent reflections occur.

Figure 13. a), b). Corridor stack determined for the near-offset VSP and converted to depth using velocities determined from the VSP travel times (a) and sonic log (b). c), d) CDP-transform depth section determined for the far-offset VSP data using velocities determined from the VSP travel times (c) and sonic log (d). The discrepancy in depth to the various reflectors between the images (a vs. b and c vs. d) provides a measure of the uncertainty in depths provided by the two techniques. See text for further discussion.

Figure 14. Comparison of borehole logs and VSP data for MAC-218. a) Geological log, b) acoustic impedance calculated from Vp and density logs, c) synthetic seismogram for 20-300 Hz Klauder wavelet, d) near-offset VSP corridor stack (from Fig. 13a), and e) CDP-transform depth section (from Fig. 13c). Note that the VSP images in d) and e) are converted to depth using the velocities from the sonic logs to make valid comparison with the sonic log synthetic seismograms. The labelled reflections are discussed in the text.

Figure 15. Comparison of interval velocities determined from sonic logging and VSP acquistion for borehole MAC-218.

Figure 16. Comparison of line 14 surface seismic data and a) VSP corridor stack, and b) offset-VSP depth image. The depth of the unconformity is determined by correlation of the VSP corridor stack and VSP-2 depth image with the MAC-218 geological log as shown in Fig. 14. Note that the corridor stack is presented in time and has been corrected to the same datum (-25 ms bulk shift) as the surface data, allowing direct comparison. The VSP-2 depth image is in depth, and thus the comparison is only approximate.

Figure 17. Unmigrated 2D high-resolution seismic profiles. a) Line 12, and b) Line 14. The metamorphic basement is interpreted to lie immediately beneath the prominent reflection S2, recognizing that the reflection could be associated with anyone of the scenarios discussed in Section 4 under Variability of the Unconformity. Locations where S2 changes depth abruptly or where there is a clear truncation have been indicated as faults. In some cases, the interpreted fault has been continued into the overlying sandstone column (based on observed discontinuities there) or into the basement where dipping reflections are observed. The grey rectangles indicate regions of the data that are shown in Fig. 22 at an expanded scale.

Figure 18. Signal-to-noise ratios (S/N) along line 12. The S/N is shown plotted for each shot-point versus a) receiver station (as these correspond to fixed geographical positions where the noise levels are actually recorded) and b) versus CDP position (which mixes signal levels from various shot and receiver positions). The S/N values shown are the median values for the given receiver or CDP station, respectively. Noise and signal levels were determined in a 30 ms window prior to and following the first arrival, respectively. 

Figure 19. S/N levels versus receiver position (a and c) and CDP position (b and d) for Lines 12 (a and b) and 14 (c and d). S/N levels determined as for Fig. 18.

Figure 20. True absolute amplitude representation of example shot gathers from Lines 12 (a and b) and 14 (c and d). Amplitudes are determined for the raw gathers. Refraction statics have been applied. Note the different scales for Lines 12 and 14, although the range is 40 dB in both cases. Abbreviations: FB=first breaks, SFB=shear wave first arrival, UC=unconformity reflection, GR=groundroll.

Figure 21. Unmigrated data has been projected onto a section at N45oW, in an attempt to better represent the true dips within the basement.

Figure 22. a)-c) Expanded view of selected data windows from Figure 17, to demonstrate the variability in the unconformity (S2) reflection. Also, shown are d) interpreted rotation of  sandstone beds due to multiple reverse faulting (from Gyorfi et al., this issue) and e) a locally bright reflection near the P2 mineralized zone. 

Figure 23. a) In-line, and b) cross-line sections through the 3D data cube from the pseudo-3D seismic survey. Locations of the data sections are indicated in Figs. 9 and 10. The approximate vertical exaggeration in these sections is 0.62:1. CDP=common depth point.

Figure 24. The upper 2 s of the Line-B profile. A) Unmigrated, and b) migrated time section. 

Figure 25. Sub-surface velocities superposed on the Line B seismic image. The velocities were determined from inversion of the first arrival travel times for Line B.

Figure 26. Comparison of a) high-resolution image from Line 12, and b) regional data image from Line B.

Plate 1. Unmigrated seismic data for Line 12.

Plate 2. Unmigrated seismic data for Line 14.

Plate 3. Unmigrated seismic data for Line B.

Tables

Table 1: Mean values for sandstone, silicified sandstone, and basement rocks from in situ downhole geophysical logging from Mwenifumbo et al. (2003), and Mwenifumbo.

	Lithologic Unit
	Mean Vp

(km/s)
	Mean density

(gm/cc)
	Acoustic

Impedance

	Sandstone 1
	4.29
	2.14
	9.7

	Sandstone 2
	4.72
	2.30
	10.9

	Silicified Sandstone
	5.43
	2.44
	13.3

	“Basement”
	5.15
	2.53
	13.8

	Fanglomerate
	5.66 (0.18)
	2.59 (0.04)
	14.7


Table 2: Physical properties of relevant minerals.

	Mineral
	Mean Vp

(km/s)
	Mean density

(gm/cc)
	Mean Vs

(km/s)
	Acoustic Impedance
	Pressure

(MPa)
	Source

	Garnet
	8.59
	4.13
	4.82
	35.5
	?
	Ji et al. (2002)

	Cordierite
	8.75
	2.62
	4.54
	22.9
	
	Toohill et al. (1999)

	Sillimanite
	9.54
	3.24
	5.27
	30.9
	
	Ji et al. (2002)

	biotite
	5.43
	3.0

	3.07
	16.3
	100
	Lebedev et al. (1982)

	quartz
	6.222
	2.651
	4.142
	16.5
	1002
	1Ji et al. (2002); 2Lebedev et al. (1982)

	plagioclase
	5.84-6.56
	2.61-2.68
	3.34-3.54
	15.2-17.6
	
	Ji et al. (2002)


Table 3: Physical properties of basement rocks estimated from mineral compositions.

	Rock
	Mean Vp

(km/s)
	Mean density

(gm/cc)
	Acoustic 

Impedance

	Quartzite

100% qtz
	6.22
	2.65
	16.5

	Psammitic Gneiss

20% sillimanite
	6.69
	2.77
	18.5

	Pelitic gneiss

3% garnet; 15% bio
	6.14
	2.75
	16.9

	Pelitic gneiss

10% garnet; 25% bio
	6.17
	2.89
	17.8


Table 4: Estimates of vertical and lateral resolution for the various seismic methods employed in this study. A representative wavespeed of 4000 m/s (sandstone) has been used for the calculations and the Fresnel radius is determined for a depth of 500 m.

	Method
	Freq. Band (Hz)
	Central frequency (fc; Hz)
	Vertical Resolution (m)
	Fresnel

Radius (m)
	( (m)

	Regional data
	12-84
	48
	10
	144
	83

	High-Resolution
	30-170
	100
	5
	100
	40

	VSP
	30-300
	165
	3
	77
	24

	Sonic
	
	
	
	
	


Table 5: High-Frequency VSP Acquisition Parameters
	Parameter
	Zero-offset VSP
	Offset VSP

	Source
	Mini-Vibroseis
	Mini-Vibroseis

	Sweep Frequencies
	20-300 Hz linear upsweep
	20-200 Hz linear upsweep

	Sweeps per VP
	4-8
	4-8

	Source offset from collar
	27 m
	326 m

	Receiver spacing
	2.5 m
	5m

	Depth range covered
	60-460 m
	60-460 m

	Number of recording levels
	156
	80

	Recording Instrument
	Oyo Seismograph
	Oyo Seismograph

	Downhole tool
	4-level Vibrometrics
	4-level Vibrometrics


Table 6. High-Frequency VSP Processing Sequence. Note that VSP01 and VSP02 refer to the near- and far-offset VSP data, respectively.
	Reformat data from SEG2 to DSISoft

	Assign survey geometry

	Sort data by wireline depth

	Edit noisy and dead traces 

	Notch filter electrical noise (61.25, 126.5, and 183.75 Hz)

	First break picks on vertical component data

	Rotate 3-C data to maximize H1 horizontal component

(using 20 ms window centred on first breaks) 

	Remove downgoing wave energy

  VSP01: 11-point median filter for p-wave

  VSP02: 9-point median filter for p- and s-wave; 7-

                point filter for tubewave

	Remove residual downgoing wave energy using fk filter (VSP01 only).

	Bandpass filter:

 VSP01: 40/70-170/200 Hz

 VSP02: 20/40-150/170 Hz

	Amplitude gain applied: 3-C automatic gain control to preserve the amplitude ratio between components

	Corridor stack (VSP01 only):

 -shift data to two-way travel-time using first breaks

 -apply top and bottom mute

 -stack


Table 7. 3D High-Resolution Acquisition Parameters
	Recording Instrument
	IO-System 2 24-bit telemetry, with noise burst edit and diversity stack 

	Source
	2 22,000 kg IVI Y-2400 Vibroseis buggies 

	Peak Force per unit
	47,700 lbs

	Number of recording channels
	960 vertical component

600 VectorSeis 3-component digital phones

	Vibration point (VP) interval
	20 m

	Geophone group interval
	5 m vertical component groups

4.2 m VectorSeis 3-component

	Geophones per group
	6 over 5 m, vertical component groups

1 at station, VectorSeis 3-component

	Vertical Geophone type
	10 Hz

	Sample interval
	1 ms

	Sweep Frequencies
	30-170 Hz non-linear (3 dB/octave) upsweep

	No. of sweeps per VP
	4 

	Sweep Length
	12 s

	Record length (correlated)
	6 s


Table 8.  3D Processing Sequence

	Assign survey geometry, 15x15m bins

	Kill noisy traces

	Spectral balancing (30-140 Hz)

	500 ms Automatic gain control (AGC)

	First break picks

	Top mute; 40 ms after first break

	Refraction statics (500 m datum; 4500 m/s replacement velocity)

	CDP sort

	NMO (0 s:4500 m/s, 0.2 s: 4700 m/s, 0.3 s:5000 m/s, 0.5 s:5500 m/s); no stretch mute

	Bandpass filter (30-80 Hz)

	Offset-dependent top mute 

	Stack (100-1500 m offsets)

	Fxy deconvolution

	Migration
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