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1.
INTRODUCTION
The Borehole Geophysics and Petrophysics Section of the Geological Survey of Canada (GSC) conducted full waveform sonic and density measurements in borehole N-033 on the Norman West property of Falconbridge Ltd., near Sudbury, Ontario. The hole intersects granophyre, norite, breccia, gneiss and semi-massive Cu-Ni-sulphide mineralization. Spot measurements of acoustic velocity and density were conducted by GSC Atlantic on core samples representing all lithological units intersected in the borehole. The main objective of this program was to provide acoustic velocity and density data to the Downhole Seismic Imaging Consortium to aid in the interpretation of downhole seismic data.

2.
LOG DATA ACQUISITION AND PROCESSING

The logs were acquired in December 1999, to a depth of 2100 m, with the GSC logging system using a Mount Sopris full waveform sonic probe (model CLP-4681) and a GSC-developed density probe. Data were acquired while logging downwards and upwards providing redundancy of data. Logging speeds were 9 m/minute for the density logs and the acoustic down-hole run, and 6 m/minute for the acoustic up-hole run. The sample depth intervals for these logging speeds are 15 cm and 10 cm, respectively, for a sample time interval of one second.
2.1
Sonic Logging

2.1.1
Probe Description and Data Acquisition Procedure 

The sonic probe is 2.8 metres long, 45-mm diameter and consists of a single piezoelectric transducer transmitter, with a centre frequency of about 28 kHz, and two piezoelectric transducer receivers separated by about 30 cm. The transmitter-receiver spacings are 0.9 m and 1.2 m (3 ft and 4 ft). The transmitter pulses twice per second and the acoustic signal is digitized alternately by the two receivers for a period of about 1 millisecond at 4 microsecond intervals. The difference in the arrival time of the acoustic signal at the two receivers provides a measure of the P-wave velocity every second. The penetration of the acoustic energy depends on the seismic velocity of the rock. It is about 20 cm for P waves with this tool.
2.2  
Density Logging

2.2.1
Probe Description and Data Acquisition Procedure 

The GSC density probe is 1.2 m in length and 38 mm in diameter.  It is a spectral gamma-gamma density logging probe with a weak, 10 millicurie (370 MBq), omni-directional 60Co gamma-ray source on it’s nose. The probe has a single, 25 mm by 76 mm (1" x 3") cesium iodide detector which detects gamma rays from the source that are backscattered by the rock around the borehole. The detector is located 37 cm from the 60Co source. Complete backscattered gamma-ray spectra are recorded every second in 1024 channels over an energy range of 0 to 800 keV. The penetration of back-scattered gamma rays is approximately 10 to 15 cm.
2.2.2
Density Log Calibration

The density is computed from the sum of counts in an energy window, 200-500 keV (W06). Detailed core density measurements from a portion of hole N-033 in the vicinity of the sulphide mineralization were provided by the Continental Geoscience Division (CGD) of the GSC to calibrate the probe at Norman West. These core densities were plotted with core densities from Bells Corners hole BC-81-2 (the deep-test hole normally used for calibrating the GSC’s probes for NQ-size holes) against the W06 count rate (Fig. 1). Density versus count rate is non-linear over the measured density range (2 - 5 g/cm3). A natural logarithmic transform gave a fairly good fit to the data and provided the following relationship: density = -2.226 x ln(W06) + 18.88. This equation was used to calibrate the density probe at Norman West. The regression from the calibration on the Bells Corners data only is shown in Figure 1 for comparison. 

3. CORE DENSITY AND ACOUSTIC VELOCITY MEASUREMENTS

The core density and P-wave velocity measurements performed by GSC Atlantic are presented in Table 1. Density measurements were made on whole core samples (6-8 inches long by 2.5 inches in diameter) and mini-core samples (1-2 inches long by 2.5 inches in diameter). P-wave velocity was measured on the mini-core samples at in-situ pressure and at 200 MPa.

4.
GEOPHYSICAL LOGS

The density, P-wave velocity and acoustic impedance logs for hole N-033 are shown in Figure 2 along with the full waveform log from the far receiver. The velocity and density logs for hole N-033 were averaged over 1 metre intervals before the impedance was computed. A simplified lithology log, fracture log, and copper and nickel assays are also shown in Figure 2.

The density and P-wave velocity logs for hole N-033 are shown in Figure 3, with the lab core density (whole core) and P-wave velocity (at in-situ pressure) measurements overlain for comparison. The log data and core data agree fairly well. Discrepancies are likely due to the presence of fracturing in the borehole which produces lower in-situ densities and velocities than those measured on solid core, as well as depth mismatch and sample-size differences between the log data and core samples. A Z/A (atomic number over atomic weight) correction factor was not applied to the density data and this would account for some of the discrepancy.

Average densities, velocities and impedances computed from the log data for the different (simplified) lithologies are presented in Table 2. The highly fractured, low-density interval from 1621.5-1640.1 m in the sublayer norite was excluded from the averages. The Cu-Ni-sulphide mineralization is characterized by higher densities (3.52 g/cm3), lower velocities (5.72 km/s) and higher impedances (20.02 km/s g/cm3) than the host rocks (< 3 g/cm3, > 6 km/s and < 19 km/s g/cm3, respectively). From the values in Table 2, a reflection coefficient of 0.055 is predicted for the late granite breccia/semi-massive sulphide contact.
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Table 1: Spot core density and P-wave velocity (Vp) measurements for the different lithologies intersected in borehole N-033.

Rock Type
Depth

(m)
Whole Core Density

(g/cm3)
Mini-Core Density

(g/cm3)
Vp @ in-situ pressure

(km/s)
Vp @ 200 MPa

(km/s)

Granophyre

  
372
2.79
2.68
5.70
6.32

Granophyre transition

621
2.79
2.83
5.97
6.27

Felsic norite               
942
2.82
2.83
6.23
6.58

Felsic norite
1239
2.81
2.81
6.15
6.45

Mafic norite
1420
2.77
2.72
5.69
5.88

Sublayer norite
1459
2.93
2.89
6.16
6.46

Norite breccia
1554
3.20
3.20
6.70
6.99

Norite breccia
1617
3.00
2.95
6.32
6.69

Ultramafic
1625
2.82
2.76
6.17
6.36

Basalt
               
1672
2.97
3.00
6.40
6.66

Gabbro
               
1686
3.13
2.90
6.28
6.51

Gabbro

1692
2.85
2.84
5.82
6.07

Massive Po,Bo,(Cpy)
1701
4.44
4.49
4.80
5.00

Semi-massive Po,Bo,Cpy    
1718
3.94
4.22
5.30
5.44

Massive Po,Cpy,Bo
1729
4.19
4.51
4.84
4.98

Diabase
1859
2.99
2.97
6.37
6.59

Sudbury breccia
               
1954
2.74
2.74
5.97
6.15

Intermediate gneiss
2052
2.76
2.76
6.03
6.29

Sudbury breccia
               
2077
2.76
2.77
6.04
6.25

Felsic gneiss
               
2117
2.66
2.66
5.87
6.21

Table 2: Means and standard deviations for density, P-wave velocity (Vp) and acoustic impedance, computed from the logs, for the different (simplified) lithologies intersected in borehole N-033.

Rock Type
Depth Interval

(m)
Density 

(g/cm3)
Vp 

(km/s)
Impedance 

(km/s g/cm3)



Mean
Std. Dev.
Mean
Std. Dev.
Mean
Std. Dev.

Granophyre
45 - 584
2.65
0.06
6.02
0.12
15.95
0.56

Transition Zone
584 – 870.4
2.91
0.10
6.42
0.14
18.67
0.90

Felsic Norite
870.4 - 1454
2.70
0.07
6.33
0.14
17.13
0.75

Sublayer Norite
1454 – 1659.3
3.00
0.19
6.17
0.26
18.54
1.26

Late Granite Breccia
1659.3 – 1699.6

1735.21 – 1924.51
2.79
0.14
6.42
0.21
17.93
1.28

Semi-Massive Sulphides
1699.6 – 1735.21
3.52
0.40
5.72
0.43
20.02
1.45

Sudbury Breccia
1924.51- 2037

2065.5 - 2095
2.75
0.13
6.28
0.22
17.28
1.33

Intermediate Gneiss
2037 – 2065.5
2.65
0.06
6.31
0.09
16.74
0.52
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