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1. INTRODUCTION 
 
Recent inversions of regional gravity data over the Eastern Goldfields 
Province of Western Australia (Henson et al., 2004), have highlighted the 
durability and usefulness of automated 3D reverse modelling where density 
distributions are assumed to be simple.  In this case, perturbations (i.e., 
contrasts) from a mean density were attributed to either greenstone/basalt 
belts for excess mass, or granites for mass deficits.  The resultant constrained 
inversion replicated the depth extent and basic geometries of high density and 
low density bodies, as interpreted from regional seismic & forward modelling 
of potential field data. 
 
The underlying assumption of a simple density distribution for both intra and 
inter sequence is rarely tested, and initial poor-fits from inversion are more 
often than not attributed to anomalous localised density changes.   
 
Detailed sampling by Dr Bruce Groenewald of the GSWA presented an ideal 
opportunity to populate a density database of basalts within the Minerie 
1:100K sheet of the Laverton District.  For at least one major rock type, the 
systematic sampling of over 300 hundred sites provides insight on how much 
variation could be expected; variation that needs to be carefully considered 
when interpreting inversion results.  
 
Whilst it was anticipated that the work would support high resolution inversion, 
the ability to harness the density mapping has been limited by the lack of 
equivalent resolution gravity data.  Nevertheless, with the benefit of a high 
resolution seismic transect (01AGSNY1 – Goleby et al., 2003) and its forward 
modelled potential field equivalent, some progress has been made in 
establishing the value of detailed petrophysics for the purposes of inversion.  
 
While the work concentrates on the density measurements of the sampled 
set, the database also provides a comprehensive set of susceptibility values 
over typical rocks encountered in the Eastern Goldfields Province.   
 
2. AREA FOCUS 
 
The inversion encompasses the Minerie 1:100K Sheet on the south west 
corner of the Laverton 1:250K geological map, and represents an area of 
approximately 50 by 50km.  The area boundaries and sample locations are 
shown in Figure 1. 
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Figure 1. Minerie petrophysics and gravity inversion locality.  Generalised area of inversion shown in red on the 1:250,000 Laverton 

Geology sheet (Stewart, 1998).  Sample locations for magnetic and density measurements shown in yellow 
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Ignoring recent cover rocks, approximately 40% of the area is consists of 
granites, 40% basalts and andesite, and the remainder being a combination of 
sediments, volcanics and ultramafics.   
 
Gravity data over the region is semi-detailed; with stations on an irregular grid 
at nominal 2 km spacing.  Figure 2 shows the Bouguer image contoured at 1 
mgal (10gu) intervals.  The image is dominated by a northwest trending high 
that traces outcropping basalt and andesites through the centre of the region.  
While the regional low in the north east can be confidently attributed to a large 
granitic pluton, smaller lows throughout the dataset are not as easily ascribed 
because of pervasive Cainozoic cover. 

 
 
Figure 2. Bouguer gravity over the Minerie district.  Image of 1000m upward 

continued Bouguer gravity over its vertical derivative & contoured at 
25gu.  Crosses indicate the gravity stations with the Minerie 100K 
map sheet highlighted in red. 

 
Figure 3 shows the Total Magnetic Intensity for the same area.  Referring to 
the geology of Figure 1, granitic plutons, zones of shearing, east-west striking 
dykes and an ultramafic band striking north-northeast are clearly identifiable in 
the magnetics.  While there is obvious capacity to model the susceptibility 
data and invert on magnetic signatures, the relative simplicity of the gravity 
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data means that most of the following work concentrates on density rather 
than susceptibility contrasts. 
 

 
Figure 3. Magnetics over the Minerie district.  Image of the magnetics reduced 

to the pole.  Minerie 100K map sheet highlighted in red. 
 
3. PETROPHYSICS SAMPLING 
 
As a precursor to density (and susceptibility) measurements on the GWSA 
sample set, a small test set from the Yilgarn was analysed from the GA 
core/rock library.  Table 1 lists rock types and petrophysical determinations. 
 
Densities were calculated following Emerson’s (1990) sequence of Figure 4 
with masses weighed to within 0.1g/cc.  All masses were well over 50g 
assuring that specific gravities could be measured to an accuracy of at least 
1% (see attached notes from Mart Idnurm, 2004, Appendix I).  Saturated 
masses were measured three times; the first within two hours of soaking, the 
second with a 48 hour soaking and the final after 4 days.   
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Figure 4  Density and porosity determinations (from Emerson, 1990). 
 
Samples were not saturated under vacuum for the following reasons: 
 

- Lack of suitable equipment and particularly, the unfeasibility of such 
a process for the final sample size proposed (hundreds) 

- Assumed lack of porosity in the sample sets and the resultant 
negligible impact expected from vacuum saturation 

- A belief that inherent scatter within rock types will swamp any 
improvement in reliability of measurements by vacuum saturation 

 
This small test set demonstrated the following: 
 

1. All rocks exhibit minor surface porosity of about 1%, leading to dry 
bulk densities being slightly lower than grain density.  Whether this 
is a weathering/surface effect, a function of alteration or indeed a 
result of intrinsic fracture-induced porosity, is unknown. 

2. Of the rock types that could be measured, only a calc-silicate 
showed any significant apparent porosity.  Since its presence is 
relatively minor, the impact of porosity is still considered minor. 

3. After 48 hours of soaking, changes in apparent saturation were 
negligible. 

 
These results were incorporated into the main sampling process for GSWA’s 
dataset. 
 
4. GSWA DATASET 
 
The samples provided by GSWA as part of the main petrophysical study 
contained generally fresh samples with weights over 500 grams.  The set 
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represented and ideal opportunity to integrate density mapping into a gravity 
inversion. 
 
Coverage is by no means evenly distributed and the bulk of the samples 
represent members from the basalt/metabasalt/ultramafic suite – Table 2 & 
Figure 1.  While there is a clear bias to denser constituents, the set offers an 
unparalleled sampling opportunity in the sense that: 
 

1. Rocks mapped in relative detail encompass most of the central belt 
of basaltic rocks, making up about 30% of the total section for 
inversion. 

2. While there is no doubt density variations in the granites, sediments 
and other rocks, the range of composition observed in the mafic 
rocks potentially presents the greatest impact on modelling, where 
conventionally a single density is ascribed.   

3. Further to 2), Bourne et al. (1993) reports on the impact of 
metamorphism on the density of mafic and ultramafic rocks in the 
Yilgarn.  It was envisaged that detailed density sampling within the 
basalts and greenstone may elucidate on local alteration patterns. 

 
The dataset also includes three drill holes; NSDD005 to 7, presented in Table 
3, Table 4 & Table 5 respectively.  Unfortunately, their relatively short lengths 
(compared to the scale of the inversion) do not provide a good gauge of the 
effect of depth on densities.  They nevertheless provide good repeated 
sampling of fresh basalt within the region. 
 
Two other test sets were also produced: 
 

1. Comparison of measurements on weathered samples to freshly cut 
samples - Table 6.  Errors of generally less than 2% were observed 
between fresh and moderately weathered duplicates. 

2. Duplicate sample set to test repeatability of measurements from 
‘fresh’ field sample to small freshly-cut sample – Table 7.  While 
there are a number of factors involved (sample size, condition etc), 
a repeatability of less than 1% is implied. 

 
5. METHOD & DATABASE ATTRIBUTION 
 
5.1 DENSITY MEASUREMENTS 
 
Following the test sampling of section 3, three mass measurements were 
made for each sample with at least 24 hours of saturation.  For the scale 
accuracy of 0.1g, an average sample of 280g and a change in weight from dry 
to submerged mass of about 30%, the grain densities are estimated to within 
+/- .007g/cc. 
 
5.2 SUSCEPTIBILITY MEASUREMENTS 
 
As a matter of routine, susceptibility measurements were also made at the 
time of dry mass weighing.  Where available (and annotated in the database), 
measurements were made on flat surfaces.  The susceptibility meter, a KT-5 
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(Exploranium G.S. Ltd) was set on 1 second pulse-readings, and at least 5 
readings were taken prior to averaging. 
 
5.3 SAMPLE TYPE 
 
Most samples were derived from ½ to 2kg blocks, listed as configuration (R) in 
Table 2.  In some cases these have been subsequently re-cut (FV), sawn into 
blocks (B) or one surface cut for inspection (FS).  Samples derived from 
diamond drill holes are marked as (C) for full core or (HC) for half core 
 
Whilst the presence of a single flat surface was not important to the mass 
measurements, improved coupling to the susceptibility meter for F, B & HC 
samples should be considered when reviewing the magnetic results. 
 
5.4 WEATHERING CONDITION 
 
An attempt was made to classify the degree of weathering based on a three 
tiered system from observation (column ‘condition’ in Table 2): 
 
F(Fresh) – Most surfaces show no sign of oxidation.  This covers 
approximately 50% of samples, including all of the block and core specimens 
 
W(Highly Weathered) – Covering 10% of samples where most surfaces show 
signs of oxidation to at least 5mm.  No attempt has been made to distinguish 
weathering from alteration however, and the differentiation will always be 
problematic 
 
M(Weathered) – About 40% of samples where the degree of weathering falls  
between the two other categories. 
 
Whilst a more comprehensive and possibly more objective approach to 
classifying weathering would be desired, time limitations and lack of known 
standards for such an approach are unknown. 
 
5.5 ROCK DESCRIPTION 
 
Based on GSWA database descriptions, geological coding traces the 
following rock types: 
 
Andesite 
Basalt 
Gabbro 
Ultramafic 
Sedimentary 
Granite 
Felsic Volcanic 
Lamprophyre 
Other (not analysed) 
 
In many cases samples cover two or more rock types (for example, 
basalt_andesite) and the second term is the primary rock descriptor (the first 
being a qualifier). 
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The term Felsic was often used without additional qualifiers and refers to one 
of many felsic volcanics or clastics within the region (Groenewald, B., 2004, 
pers. comm.). 
 
5.6 DENSITY 
 
Emerson (1990) provides details of density measurements and density 
qualifiers.  Whilst both dry-bulk and grain densities have been estimated, the 
lack of porosity in most rocks encountered means that the terms are more or 
less equivalent.  It is also expected that unsaturated, low/nil-porosity grain 
densities are more likely to reflect ambient un-fractured conditions than their 
bulk equivalents. 
 
6. STATISTICAL RESULTS 
 
Tables 8 and 9 present mean and standard deviations of rock types in section 
5.5 for magnetic susceptibilities and densities respectively.  Samples were 
initially divided into three weathering categories of section 5.4 (labelled F, M & 
W), but on further analysis (Figure 5), the least weathered effected were 
recombined (labelled ‘F + M’)  
 
Graphical summary of Tables 8 & 9 are provided in Figures 6 & 7 for 
susceptibility and density respectively.  Interdependency of susceptibility and 
density is demonstrated in Figure 8. 
 

Grain Density versus Rock Type 
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Figure 5. Grain density versus rock type for Minerie sample database.  

Profiles distinguished on degree of weathering:  (Fresh) – 
unweathered, (M-W) – moderately weathered, (H-W) – highly 
weathered, (F+M) – first two categories combined.  Only densities of 
highly weathered samples appear to be significantly different across 
the rock types, with the exception of Felsic volcanics. 
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Table 8/ SI*10-3 Andesite Basalt Gabbro Ultramafic Sedimentary Granite Felsic Vol Lamprophyre
Fresh
N 9 62 43 33 24 6 2 8
Mean 1.11 1.94 1.13 7.89 2.65 1.09 0.24 0.86
SD 2.43 6.64 4.19 18.15 10.21 1.64 1.83
M-Weathered
N 18 40 30 22 31 5 1 5
Mean 0.27 0.61 1.20 1.17 0.30 0.22 0.00 1.06
SD 0.18 1.61 3.64 3.09 0.31 0.45 1.89
H-Weathered
N 1 5 1 2 13 2 1
Mean 0.03 0.28 0.00 0.10 0.18 0.57 0.38
SD 0.22 0.32
Fresh + M-W
N 27 102 73 55 55 11 3 13
SD 1.42 5.30 3.95 14.49 6.77 1.28 0.15 1.78
Mean+SD 1.96 6.71 5.10 19.69 8.10 1.98 0.31 2.72
Mean-SD 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mean 0.55 1.42 1.16 5.20 1.32 0.69 0.16 0.94  
 
Table 9/ g/cc Andesite Basalt Gabbro Ultramafic Sedimentary Granite Felsic Vol Lamprophyre
Fresh
N 9 62 43 33 24 6 2 8
Mean 2.90 2.89 2.96 2.93 2.84 2.78 2.81 2.86
SD 0.09 0.11 0.09 0.14 0.11 0.18 0.11
M-Weathered
N 18 40 30 22 31 5 1 5
Mean 2.92 2.97 2.96 2.94 2.90 2.74 2.56 2.84
SD 0.14 0.12 0.09 0.16 0.13 0.11 0.09
H-Weathered
N 1 5 1 2 13 2 1
Mean 2.80 2.87 2.62 2.69 2.72 2.71 2.83
SD 0.42 0.22
Fresh + M-W
N 27 102 73 55 55 11 3 13
SD 0.12 0.12 0.09 0.15 0.13 0.15 0.17 0.10
Mean+SD 3.04 3.05 3.05 3.08 3.00 2.91 2.90 2.95
Mean-SD 2.79 2.80 2.87 2.78 2.75 2.61 2.56 2.75
Mean 2.91 2.92 2.96 2.93 2.87 2.76 2.73 2.85  
 
Tables 8 & 9  Mean values and standard deviations for susceptibilities (top) and grain densities (bottom), Minerie sample dataset. 
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Susceptibilty versus Rock Type
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Figure 6. Magnetic susceptibility versus rock type for Minerie sample database.  Mean 

value from Table 8 plotted as diamond with one standard deviation shown in 
red. 

 

Grain Density versus Rock Type
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Figure 7. Grain density versus rock type for Minerie sample database.  Mean values 

from Table 9 plotted as diamond with one standard deviation shown in red. 
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Results of grain density and rock type analysis are as follows: 
 

1. Limited differentiation can be made between rock types on the basis of 
susceptibility.  Standard deviations swamp mean-value differences with the 
exception of ultramafic rocks. 

 
2. Differentiation of rock types based on two variables is equally as 

ambiguous with the exception of the ultramafics (high density, high 
susceptibility) and sediments (low density, low to moderate susceptibility).  
This raises the issue as to whether standard classifications of igneous 
rocks in the region are valid, and perhaps a more gradational change of 
iron & silica content is more applicable.  

 
3. Taking into account standard deviations, grain densities follow a bimodal 

distribution about a mean of 2.85g/cc.  Intermediate and basic volcanic 
rocks typically have densities above 2.9g/cc whereas sedimentary and acid 
igneous rocks have mean densities around 2.7g/cc 

 
4. The mean density for the granite samples is unusually high and is in 

contrast with measurements on granite samples from GA’s Laverton rock 
library (2.65g/cc).  The disparity can be partly explained by small population 
set with a number of members having high-iron content. 

 
5. Surprisingly, only a marginal increase in density is observed between 

basalts and ultramafics.  This is expected to be partly due to classification 
based on visual inspection rather than geochemical analyses of magnesium 
and iron contents. 

 
6. Gabbroic rocks from dykes within the region display the highest mean 

density. 
 

7. An argument for a third population set can be made on the basis of 
densities for sediments and lamprophyres found in the region.  In this case, 
a density of 2.85g/cc could be ascribed. 

 
8. If basalts with susceptibilities higher than 10*10-3 SI are removed from the 

dataset of Figure 8 (and perhaps these are more appropriately classified as 
ultramafics?), a simple dependency of density on iron content & 
magnetisation can be drawn.  Appendix II presents detailed analyses of this 
relationship where a log-linear dependency is demonstrated.  Since 
susceptibility readings are relatively easy to obtain, this presents potential 
savings for estimating density variations within the basalts of the Eastern 
Goldfields Province. 
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Grain Density versus Susceptibility for different rock types 
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Figure 8. Grain density versus magnetic susceptibility for classified rock samples of 

Table 2.  Dependency of basalt density on susceptibility shown for samples 
within red dashed line. Miss-classified basalt samples shown within green 
dashed line. 

 
7. GRAVITY INVERSION 
 
Having established density-contrast parameters from petrophysics, a series of 3D 
gravity inversions were undertaken for the Minerie 1:100K sheet.  Appendix III sets 
out specific inversion details with background to parameterisation provided by UBC 
(2001) and Lane and Williams (2003). 
 
The observed gravity field was provided by the GA regional dataset upward continued 
to 1000m.  Whilst not tested, it is assumed that gravity errors comply with Lane and 
Williams’ expected values.  This leads to an inversion tolerance of 1.5% of the data 
range; in this a fit to data of +/-0.4mgals. 
 
Details on a step by step basis are documented in the following sections.   
 
7.1 INVERSION VOLUMES 
 
Appendix III documents regional and local volumes subject to definitions defined by 
Lane & Williams (2003).  Area extent of inversion volumes are presented graphically 
on the Bouguer gravity in Figure 9.  Regional volume dimensions and padding have 
been kept to a minimum to keep inversion times to within 1 hour. 
 
In contrast to default values, depth weighting for all inversions has been set to bias 
results towards extending masses horizontally, rather than adjusting their depth 
extent.  This setting was learnt through trial and error on the Eastern Goldfields 
Province inversion exercise, where a fit to seismic was best achieved by limiting the 
degree of freedom with depth in order to ‘push’ anomaly boundaries out laterally. 
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7.2 REGIONAL SUBTRACTION 
 
The volume of interest, the local volume, is represented by the area outlined in Figure 
1 projected down to a depth of 10km.  This depth comfortably covers the maximum 
depth extent of features interpreted from the seismic, and the depth extent of bodies 
modelled by Bourne et al. (1993) in similar terrains.    
 
While considerable time is involved in estimating a residual field through regional 
inversion, alternative approaches such as band-pass filtering or upward continuation  
can be very subjective and of uncertain quality. In this case whilst upward 
continuation to 10km yields a similar regional field (Figure 10), only the inversion 
method ensures that contributions from surrounding masses have been appropriately 
accounted for. 
 

 
 
Figure 9. Model volumes for Minerie gravity inversion.  Model parameters as defined 

in Lane & Williams (2003) overlain on 1000m upward continued Bouguer 
gravity. 
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Figure 10. Local volume profile LLV6.  Bottom two displays show Bouguer gravity upward continued to 1000m (red) against upward 

continued regional (pink) and  inversion-generated regional (green).  Top display shows residuals for each regional and 
difference (DIFF) curved calculated as a percentage of the original profile (GRAV_UC1000).  While very similar, a 
difference of 10% is observed between the two methods towards the eastern end of the line. 

 14 



7.3 INITIAL INVERSION WITH NO CONSTRAINTS 
 
To ensure inversion parameters are acceptable, the first inversion iteration 
was performed without any geological constraints other than absolute density-
contrast limits established from Figure 7. 
 
Key points are: 
 

1. Mapping of the main basalt/greenstone belt is comparable with the 
mapped geology.  This result is not surprising given the marked 
density contrast between these rocks and background composed of 
predominantly granites. 

2. While the spatial distribution of primary rock types is comparable 
with mapping at surface, the density attribution is poorly matched to 
measurements.  Under this smooth model scenario, the inversion 
only matches the observed data by placing substantial volumes of 
mass excesses and deficits at depth. 

3. The very top surface of the model is relatively featureless; a 
consequence of upward continuation of the gravity data to twice the 
height of the voxet depth extent.  Alternatively, ‘0’m depth should 
now be seen as being 500 to 1000m above the ground.  

4. The bottom image of Figure 11 shows the inversion sliced back to 
the approximate position of the seismic section 01AGSNY1 (shown 
with interpreted geology and potential field modelling in Figure 12).  
Neither the depth-extent nor the steeply dipping nature of the body 
geometries within the inversion are supported by the seismic 
section interpretation of key geological elements. 
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Figure 11.  Minerie gravity inversion results without geological constraints.  Cell size 

is 1000m long * 1000m wide by 500m deep.  Total depth = 10km.  
Complete inversion volume (top) looking north, sliced to approximate 
position of seismic line 01AGSNY1 (bottom).  Density contrast colour 
scheme shown on right hand side (‘0’ = 2.85g/cc) 
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Figure 12.  Gravity inversion compared to seismic transect NY1.  Top displays show potential field validation of the seismic section 

interpretation (bottom).  Inversion results for unconstrained model sliced to equivalent plane.  Inversion colour scale as of 
Figure 11. 
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7.4 INVERSION WITH SIMPLIFIED GEOLOGY 
 
The second attempt was constrained using the same process as applied in 
the final inversions of the Eastern Goldfields Province study (Henson et al., 
2004).  Initial density contrast and bounds were set to mimic surface geology 
down to a depth of 2.5km (5 cells below surface).  Table 10 sets outs initial 
model and boundary conditions, with the simplified geology and density map 
shown in Figure 13.  
 
Rock 
Type 

Depth 
From (km) 

Depth 
To (km) 

Initial 
Model 

Lower 
Bound 

Upper 
Bound 

Granite 0 2.5 -0.05 -0.1 .21 
 3 3 -0.05 -0.12 .23 
 3.5 7.5 -0.05 -0.1 0.4 
 8 10 0 -0.1 0.4 
Baseline 0 2.5 0 -0.1 .26 
 3 3 0 -0.12 .35 
 3.5 7.5 0 -0.1 0.4 
 8 10 0 -0.1 0.4 
Basalt 0 2.5 .2 .15 .46 
 3 3 .2 .1 .35 
 3.5 7.5 .2 -0.1 0.4 
 8 10 0 -0.1 0.2 
 
Table 10   Initial density contrast settings (g/cc) and boundary conditions for 
constrained inversion of 7.4.  Geology based on Whitaker (2001) and 
simplified to high density (basalts & ultramafics), low density (granites) or 
baseline (other) to determine contrasts at each voxet.   
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Figure 13.  Surface density model for (constrained) inversion with simplified 

geology inversion – LV0.  Density map based on Whitaker (2001) 
and simplified according to Table 10.  Colour coding as granite 
(blue), basalt (pink) or base (yellow). 

 
While the conditions outlined in Table 10 looks unduly complicated, inversion 
work on the Eastern Goldfields Province demonstrated the value of: 
 

1. Assuming continuity of surface geology as a starting model for at 
least half of the inversion depth 

 
2. Limiting the depth extent of surface-projected greenstones, by 

closing off the boundary conditions at depth.    
 

3. Using tighter boundary conditions on low density areas (granites) so 
that smooth model inversion does not overly suppress known 
contrast.    
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Results are presented in Figures 14 & 15 with key points as follows: 
 

1. Density contrasts have been pushed up towards the surface, 
tapering out at about 5km.  This is in good agreement with the 
seismic interpretation and forward potential field modelling that 
shows basalts rarely extending below 6km. 

2. Contrasts are now more realistic; in line with the dynamic range 
observed in sample measurements 

3. The north-northeast strike of ultramafics in the southern central 
section of Figures 2 & 3 is evident in the gravity inversion.  This is 
not predicted from the initial density model of Figure 13. 

4. Overall, the density contrast mapping is more realistic but perhaps 
the bimodal density distribution has created a subsurface that is too 
horizontal.    
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Figure 14.  Minerie gravity inversion results constrained by simplified geology of 

Figure 13.  Cell size is 1000m long * 1000m wide by 500m deep.  Total 
depth = 9500m.  Complete inversion volume (top) looking north, sliced to 
approximate position of seismic line 01AGSNY1 (bottom).  Density 
contrast colour scheme shown on right hand side.  Note north northeast 
strike of high density ultramafics (UM) consistent with mapped geology 
(Figure 1) but not represented in initial model (Figure 13). 
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Figure 15.  Gravity inversion comparison to seismic transect NY1.   Top displays show potential field validation of the seismic section 

interpretation (bottom).  Inversion results for simple geology model sliced to equivalent plane.  Inversion colour scale as of 
Figure 14. 
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7.5 INVERSION WITH COMPLEX GEOLOGICAL ELEMENTS 
 
A key component of this project was to gauge the impact of incorporating 
detailed density distributions into the inversion process.   The following 
inversion process used the detailed density mapping from rock samples over 
the Minerie 1:100K geological map discussed in sections 4 to 6.    
 
Whilst uneven sampling still limits the rigour of the process, the advantages 
were seen as follows: 
 

1. Using densities for each rock type specifically from the district, 
rather than mean values calculated from a wide range of terranes. 

 
2. The seismic interpretation demonstrates that there are moderate 

dips to the greenstones and basalts.  Assuming that this dip 
extends to intra-unit flows, then differentiation in density within units 
at surface may be a valid representation of differences at depth.  
However, the lack of petrophysical sampling at depth means that it 
is impossible to validate this scenario as opposed to changing the 
depth extent within units.  Nevertheless, as a starting model it may 
produce interesting results. 

 
Figure 16 shows the starting density model and Table 11 sets out general 
boundary conditions for each rock type.   Whilst somewhat subjective, these 
bounds were adjusted between iterations in order to achieve the best fit to the 
seismic interpretation.   
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Figure 16.  Surface grain density model for constrained inversion - LV6.  

Density map based on GSWA samples locations of Figure 1.  
Density values for basalts and andesites (green, variable density) 
based on measurements of Table 2.  Colour codes for other 
mapped geologies (simplified from Whitaker, 2001) based on 
mean values from Figure 7 with colours/densities as follows: red – 
granites (2.7), blue – conglomerates (2.85), magenta – ultramafic 
(2.95), yellow – sandstone (2.85).  
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Figure 17.   Minerie gravity inversion results constrained by geology of Figure 16.  

Cell size is 1000m long * 1000m wide by 500m deep.  Total depth = 
9500m.  Complete inversion volume (top) looking north, sliced to 
approximate position of seismic line Y1 (bottom).  Density contrast colour 
scheme shown on right hand side 
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Rock 
Type 

Depth 
From (km) 

Depth 
To (km) 

Initial 
Model 

Lower 
Bound 

Upper 
Bound 

Granite 0 1.5 -0.15 -0.26 -0.05 
 2 5.5 -0.05 -0.26 .3 
 6 9.5 0 -0.2 0.2 
Baseline 0 1.5 0 -0.1 .26 
 2 5.5 0 -0.05 .3 
 6 9.5 0 -0.2 0.1 
Basalt/ 0 1.5 Variable .1 .40 
Ultramafic 2 5.5 .2 .1 .46 
 6 9.5 0 -0.1 0.2 
 
Table 11.  Initial density contrast settings (g/cc) and boundary conditions for 
constrained inversion of 7.5.  Geology simplified from Whitaker, (2001).  The rock 
type basalts/ultramafics uses measured densities of Table 2 with other rock types 
using mean densities of Figure 5 for contrast at each voxet. 
 
Model bounds stated in Table 11 were formulated after several iterations so that: 
 

- Surface density distribution within the basalts was extended to a depth of  
1.5km 

- Density excesses would be applied at shallow depth rather than at the 
base of the inversion window. 

- Mass excess to be concentrated in basalts to a depth of up to 5.5km 
- Mass deficits (granites) to be extended to a depth of 1-2km below outcrop 
 

Initial models using the detailed density distribution failed to produce an improved 
outcome over the previous approach.  Implications of these findings are discussed in 
the following section 
 
CONCLUSIONS 
 
Despite repeated attempts to integrate a more detailed density distribution into the 
inversion, the results that best matched the seismic were achieved when the simple 
geological model of section 7.4 were used.  In this case, the density-contrast 
distribution was bimodal; a single positive value for basalts/ultramafics and a single 
negative contrast for granites.  Mean ‘baseline’ densities were ascribed to typically 
felsic volcanic and sedimentary rocks. 
 
In some respects, the results are not surprising given the following circumstances: 
 

1. While the mapped variation in the surface-densities of basalts/greenstones 
no doubt reflects compositional changes, there was no control on the depth 
continuity of these variations.  At a voxel depth dimension of 500m, even 
projecting the surface mapping through the first inversion layer is fraught 
with uncertainty. 

 26 



 
2. The relatively coarse gravity station spacing of 2km means that the 

inversion cannot capture a lot of this intra-unit density variation.  Indeed, 
with the exception of better representation of measured density-contrasts 
between major rock types, there has been only minor improvement with 
the local inversion from the coarser regional Eastern Goldfields Province 
inversion (Figure 18).  This is almost certainly a function of a process 
limited by the gravity station spacing. 

 
3. Constructing inversion constraints so as to preserve density heterogeneity 

on a depth by depth basis, is extremely time consuming and generates 
often unpredictable results.  For the inversion of section 7.5, the tighter the 
boundary conditions were made to preserve the surface distribution, the 
more pronounced and unrealistic the density distribution became with 
increasing depth.   

 
While disappointing in the outcome of the inversion, the implication is that detailed 
surface mapping beyond just obtaining local mean values, is not warranted for what 
are ‘regional’ inversion parameters.  If anything, the incorporation of locally detailed 
constraints prevents the process from consolidating mass into depth limited bodies. 
 
Other consequences of these investigations are summarised as follows: 
 

1. Determining in-situ densities in which to populate voxets for 3D inversions 
remains problematic.  Other than with very deep depth control, there is no 
mechanism for linking variation observed in surface measurements with 
variations that may exist (within units) at depth.   

 
2. Projection of surface measurements to depth is also complicated by 

weathering factors with no clear means of calibrating degree of weathering 
to the impact on density.  In this case a test set produced discrepancies of 
about 1% between fresh and weathered density determinations, but it was 
not possible to predict the relative magnitude of error based on visual 
inspection.  Nevertheless, such an error is well within tolerance of the 
inversion process and implies that using densities determined from slightly 
weathered samples, may not overly affect the sensitivity of the process. 

 
3. As an adjunct to the above point, any methodology defining weathering 

also has to compensate for alteration that may or may not be associated 
just with surface exposure   

 
4. Partially identified through this work, was a linear relationship between 

Minerie basalts/greenstone susceptibilities and grain density.  While in 
most part a function of iron content, the scatter about the mean might be 
related to co-dependency on silicon and magnesium compositions 
(available for each sample from the geochemical analyses).  This then 
offers the opportunity to classify the rock from a density and susceptibility  
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Figure 18. Wiluna Norsemam regional gravity inversion sliced to seismic transect NY1.   Top displays show potential field validation of 

the seismic section interpretation (bottom).  Inversion uses simple geology model sliced to equivalent section with cell sizes 
of 2km wide by 2km long by 1km high, and total local volume depth of 14km.   
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(rather than visually), or, predict density relatively accurately from 
the susceptibility and principal mineral composition.    

 
5. Constraining the gravity inversion with conditional depth functions, 

demonstrates the overwhelming nature of ambiguity in the process.  
The seismic transect and its potential field forward model, are 
invaluable in addressing the amount of mass consolidation present.  
Without it, detailed constraining processes would be based purely 
on notional ideas.   

 
6. A compendium of density and magnetic measurements over the 

Minerie and Laverton sheets is only partially complete.  
Compounded by small sample numbers, mean values for granites 
and sediments appear far too high.  In the case of the former, miss-
classification through underestimation of the ferromagnetic 
component may be an issue.  In the case of the latter, the presence 
of mafic volcanic detritus may explain the unusually high grain 
densities. 

 
7. That the simple approach to incorporating geology into the inversion 

was so successful, cannot necessarily be generalised to all 
modelling scenarios.   It works well in the Eastern Goldfields 
Province because of a tested strong contrast between major rock 
units.  As a caveat, the efficacy of some basic petrophysical 
sampling to constrain regional inversions in data poor areas (e.g., 
under cover) cannot be under estimated. 

 
IMPLICATIONS FOR EXPLORATION 
 
Recent studies (including potential field modelling and seismic imagery) of the 
development of the Eastern Goldfields Province, have demonstrated a link 
between the domal topography of the underlying ‘detachment’ and fluid 
focussing and mineral deposits (Henson et al., 2004). The topography of the 
detachment surface is sympathetic with the topography of the base of the 
greenstones (Henson et al., 2004).  Mapping the base of the greenstones 
therefore offers a ‘proxy’ for inferring the topography of the ‘detachment’. 
 
Perturbations in this ‘proxy’ detachment surface, particularly where domical 
and underlain by granites, may act as sites for localised fracturing and deep 
crustal fluid focus.  Therefore the ability to map the geometry and base of the 
greenstones represents a powerful tool to target zones of potential 
mineralisation.   
 
On the basis of a localised mean density distribution, simplified geological 
architecture and at least some form of depth control (such as deep drill holes, 
or seismic sections), gravity inversions should provide some scope to map 
these ‘strategic’ areas within the greenstones.   
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Such a feature is observed in the south-eastern portion of the Minerie sheet 
underneath Toomey Hill (Figure 19).  Basalt is relatively thin and on the basis 
of the mapped density distribution, has to be underlain by low density material 
to compensate for excess mass.  The position with respect to ultramafic 
sequences and prominent NW structural lineaments make it a potential target 
based on the exploration model used above.   
 
10. RECOMMENDATIONS FOR FUTURE WORK 
 
There are still clear gaps in the petrophysics-to-inversion-to-3D-geological 
model process for the area and province being analysed.  Suggested foci of 
additional work are as follows: 
 

1. To balance the detailed sampling of high density members with 
better sampling of granites, sediments and felsic volcanic rocks 
within the region.  A reasonably comprehensive sample set of 
granites for the Laverton 1:250K geological sheet is stored at GA 
(Champion, D., pers. comm.).  Although not specific to the inversion 
over the Minerie 1:100K sheet, they will nevertheless give some 
idea of the diversity and variance that could be expected within the 
population. 

 
2. Sensitivity testing of density contrasts for the apparent domical 

features at the base of the greenstones.  For instance it should be 
possible to demonstrate that the density low underneath the basalts 
at Toomey Hill cannot be removed simply by changing the contrast 
within the bounds of possible (and measured) densities.  

 
3. Inverting the magnetics using the susceptibility contrasts between 

the major rock types.  In this case, the sampling of the field is of 
much higher resolution and should support a smaller voxet.  In 
addition where magnetic contrasts are concomitant with density 
contrasts, it should be possible to independently test components of 
the geological model developed from the gravity inversion. 

 
4. Developing and testing better mechanisms to implement depth 

functions into the initial models of UBC inversions.  Particularly the 
ability to depth limit features and variably bias lateral dimensions 
over vertical dimensions would be extremely beneficial. 
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Toomey Hill

Toomey Hill 

 
Figure 19.  Minerie gravity inversion results constrained by simplified geology of 

Figure 13.  Cell size is 1000m long * 1000m wide by 500m deep.  Total 
depth = 9500m.  Top image shows inversion volume from underneath 
sliced back to 3500m below surface.  Bottom image shows inversion slice 
through Toomey Hill at 6808000N. 
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Comments on laboratory measurement of specific gravity 

 
 
Water saturation 
 
In porous, water-saturated rock samples every percentage point of porosity contributes 0.01 gm/cc to 
specific gravity (SG).  For semi-saturated samples the contribution is proportionally less; therefore, 
for precise determination of SG it is important that the sample is fully saturated. 
 
A convenient way to introduce water into the sample is to keep it submerged in a bath for several 
days.  This method, however, has the drawback that, as the water penetrates inward from the 
surface, air can be trapped preventing saturation of the interior.   
 
One way to overcome air entrapment is to force water through the sample under pressure, so that air 
is driven out ahead of the water front. This could be achieved, for example, in the Hassler type cell 
used in petrochemical laboratories. 
 
The method adopted in the rock property laboratory was to evacuate the samples in a large bell jar after they 
had been heated in a fan-forced laboratory oven to drive off vapour.  This procedure was believed to minimise 
air and vapour entrapment inside the sample.   
 
 
Other comments:  
 
• The smallest acceptable weight of a sample that would give an accuracy of 1% or better for 

specific gravity depends on the sensitivity of the balance.  If, for example, the sensitivity is 0.1gm 
then the minimum mass is about 50 gms. 

 
• A precaution when weighing especially small samples suspended in water is to note and remove 

any small air bubbles attached to the sample surface.  These can significantly decrease the 
weight. 

 
• Even if 100% water saturation is achieved, the laboratory specific gravity may not accurately 

represent the specific gravity of the rock in situ.  Depending on the depth of burial, compaction 
reduces the pore space.  This produces a net increase in specific gravity above the laboratory 
value.  

 
 
Description of procedure for specific gravity measurements in the BMR Rock Property laboratory in the 1970s 
 
The standard method of weighing the sample in air and suspended in water was used.  Minimum 
accepted sample weight was 50 gms, although normally the samples weighed more than 100 gm.  
The samples were measured in either dry or in both dry and water-saturated condition.  To obtain dry 
densities, the surfaces of porous samples were coated with a thin film of silicon grease to prevent 
water intake during immersion.  The film was later removed by washing in an organic solvent.   
 
Saturation took place inside a large bell jar.  The samples were oven dried for several hours, 
evacuated for half a day or overnight using a rotary pump, water was then introduced into the bell jar 
via a two-way tap, and after about 20 minutes the vacuum was broken.  Two or more hours were 
allowed for the water to be absorbed before measurements. 
 
Mart Idnurm 
June 2004 



 
 
 
 
 
 

APPENDIX II 
 

RELATIONSHIP BETWEEN DENSITY AND SUSCEPTIBILTY FOR 
BASALTS AND ULTRAMAFICS, GSWA DATASET  

 
 

JUNE 2004 
 
 
 
 



DATABASE
 
SUMMARY OUTPUT        

Regression Statistics        
Multiple R 0.30402        
R Square 0.092428        
Adjusted R 
Square 0.081224        
Standard Error 0.112935        
Observations 83        
         
ANOVA         

  df SS MS F 
Significance 

F    
Regression 1 0.105213 0.105213 8.2491573 0.005202523    
Residual 81 1.033105 0.012754      
Total 82 1.138318          

  Coefficients 
Standard 

Error t Stat P-value Lower 95% 
Upper 
95% 

Upper 
95.0%  

Intercept 3.009426 0.032173 93.53878 2.689E-84 2.945411917 3.073441 3.073441  
X Variable 1 0.16576 0.057713 2.872135 0.0052025 0.050928864 0.280592 0.280592  
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Basalt density as function of susceptibility

y = 0.2066x + 3.0338
R2 = 0.1322
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* Excludes susceptibilities less than .1*10-3SI and greater than 1*10-3SI 
and samples classed as weathered 



 
 

 
 
 
 
 
 

APPENDIX III 
 

INVERSION PARAMETERISATION,  
 

MINERIE GRAVITY INVERSION  
 
 

JUNE 2004 
 
 
 
 



 
Local volume of interest Data-padded local volume of 

interest ^
Regional volume ^^ Padded regional volume ^^^

LV DPLV DPRV MDPRV
"Local inversion" "Regional inversion"

Data Extents NB Only topo required
min_east N/A 348000 331000 275000
max_east N/A 409000 426000 475000
min_north N/A 6783000 6766000 6705000
max_north N/A 6854000 6871000 6925000

sensor_terrain_clearance ** 1 1000 2000 N/A

delta_east N/A 61000 95000 200000
delta_north N/A 71000 105000 220000

data_grid_cellsize # N/A 2000 5000 4000
number_east_west_data_points N/A 30.5 19 50
number_north_south_data_points N/A 35.5 21 55
total_number_data_points N/A 1,083 399 2,750

187500
width of data padding to the west of the relevant core +++ N/A 7000 10000 N/A
width of data padding to the east of the relevant core N/A 7000 10000 N/A
width of data padding to the south of the relevant core N/A 7000 10000 N/A
width of data padding to the north of the relevant core N/A 7000 10000 N/A

Model Extents
Core of local volume of interest Model and data padded local 

volume
Model and data padded 

regional volume

LV_core MDPLV MDPRV

min_east 355000 341000 275000 N/A
max_east 402000 416000 475000 N/A
min_north 6790000 6776000 6705000 N/A
max_north 6847000 6861000 6925000 N/A
min_elev -7000 -10000 -50000 N/A
max_elev ++ 0 0 0

width of model padding to the west of the data N/A 7000 12000 N/A
width of model padding to the east of the data N/A 7000 12000 N/A
width of model padding to the south of the data N/A 7000 12000 N/A
width of model padding to the north of the data N/A 7000 12000 N/A
padding of relevant core model at depth ### N/A 3500 2000 N/A

 
east_cellsize 500 1000 2000 N/A
north_cellsize 500 1000 2000 N/A
elevation_cellsize 250 500 2000 N/A

delta_east 47000 75000 200000 N/A
delta_north 57000 85000 220000 N/A
delta_elevation ## 7000 10000 50000 N/A

number_east_west_cells (NE) 94 75 100 N/A
number_north_south_cells (NN) 114 85 110 N/A
number_elevation_cells (NV) 28 20 25 N/A
total_number_cells (NE*NN*NV) * 300,048 127,500 275,000 N/A

N/A

 
^ Data and model padding of at least the depth extent of the relevant core should be used. 
^^Sufficient to accommodate the long wavelength components of the data. 
^^^ Topography data is required in the MDPRV area. 
* The number of cells reported by users has ranged up to 100,000. 
** Upward continued to a height above surface >= width of cells. 
++ The maximum elevation of the model must be higher than the highest elevation of The model and data padded area. 
+++ In the case of the LV, the relevant core is the final desired LV_core. In the case of the RV, the relevant core is the MDPLV. 
# Data spacing equal to the sensor terrain clearance is recommended in the UBC literature. 
## The elevation range in the regional inversion needs to be sufficient to accommodate the longer wavelengths of the data. This may require a range of
### Depth of padding is the same number of cells as in the lateral pad, but since half the cell width therefore half the distance 
 
$ normally 2 for magnetics and 3 for gravity. 
> Magnetic inversion only considers induced susceptibility, and does not account for self-demagnetisation 
>> The magnetic Inversion has a positivity constraint, so the background level should be >=0 
>>> Output magnetic susceptibility values are in SI units 
& Gravity data values are in mgal 
&& Density values are in g/cm^3 
&&& Use of variable density bounds requires metadata documentation 
! Same goes for weighting functions in either magnetic or gravity inversions other than the default 
 

 


