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should be some level of agreement between the geological
contact information derived from adjacent solution sets; that is,
all adjacent solutions along one structure/contact should cluster
around the main regional trend. Thus, a kernel density approach
should be able to reject the outliers from concordant solutions
(Silverman, 1986). Alternatively, if one took a group of five
observation points instead of just three, from this it is possible to
generate 10 three-point combinations and associated strike
and dip solutions. Then we cannot only compute a median and
standard deviation of the strike and dip for the distribution, but
generate also an error envelope that provides a measure of the
internal consistency of the solution. Selecting an error threshold
could be used to identify possible erroneous solutions. Both
techniques are suggested as possible approaches for filtering
spurious solutions, but because the goal of this article is
presenting the advantage of using topography derived
geometrical information rather than the filtering of it, they are
not applied here.
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Combining the observed magnetic and gravity data together
with the commonly observed topographic data can result in the
generation of a significant population of geological dip and dip
direction data. This information can then be used directly to
augment geological map compilation and hopefully help
constrain the future geophysical model inversions.

Application of the method

The Bathurst Mining Camp (BMC) in New Brunswick, Canada
(Figure 5) is one of the most important base metal mining districts
in Canada. The camp hosts numerous sediment- and volcanic-
hosted massive sulphides deposits and occurrences. Primary
genesis of the sulphides ore bodies is directly linked to the late
Cambrian and early Ordovician ocean floor volcanism related to
the Paleozoic opening and closing of the Iapetus ocean. As a
consequence of a long and complex history of multi-generational
folding, thrusting and faulting events many of the mineral
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Fig. 6. Regional geology and airborne geophysics at the Bathurst Mining Camp. Geophysical data from Geological Survey of Canada (1996). (a) Regional
geology (modified from van Staal etal., 2003). Geological legend as on Figure 5; (b) Pole-reduced total magnetic intensity (RTP-TMI); (¢) Apparent conductivity
(4433 Hz), displayed with a logarithmic colour scale for improved contrast. The blue rectangles in all diagrams identify the detail areas of Figures 7 and 9.
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deposits have been remobilised (van Staal et al., 2003). information that can be derived from airborne geophysical data is
Therefore developing a good understanding of the geometry invaluable.
of these fold and fault structures is critical in finding any new While the sparse outcrops provided specific lithologic and

deposits. Outcrop in the BMC is scarce; therefore any structural structural information, the general morphology of the regional
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Fig. 7. Geology and airborne geophysical data at the northern inset shown on Figure 6. Geophysical data from Geological Survey of Canada (1996). Different
combinations of colour and intensity layers were utilised to emphasise the existing (or lack of) correlation between the different datasets. («) Regional geology
(modified from van Staal etal., 2003) draped over topography; (b) Pole-reduced total magnetic intensity (RTP-TMI) draped over topography; (¢) 4433 Hz apparent
conductivity displayed with a logarithmic colour scale and draped over topography; (d) 4433 Hz apparent conductivity displayed with a logarithmic colour scale
and draped over the RTP-TMI dataset of (b).
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geology was primarily derived from airborne geophysical data.
The data utilised in this study comes from the second round of
the Exploration Science and Technology Initiative (EXTECH 2),
carried out by the Geological Survey of Canada (GSC) in
1994 (Geological Survey of Canada, 1996). The EXTECH2
included an airborne geophysical program that comprised total
field magnetic, gamma-spectrometry, and electromagnetics.
The entire BMC was divided on four blocks with different
flight-line directions, perpendicular to the main geological
trends. All of them were flown at 60 m above the terrain and
with 200 m line spacing. The magnetic and gamma-spectrometry
data were microlevelled to reduce corrugations associated to
line-to-line levelling artefacts. A terrain correction was applied
to the magnetic data via the application of a 2nd order Taylor
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series to transform the data to a surface parallel to the ground,
and therefore normalise the amplitude of the observed
anomalies. In general the magnetic data shows the contrast
between weakly magnetic felsic volcanic units and basalts,
gabbros and other mafic volcanic and intrusive units (Keating
et al., 2003; Figure 6). The high frequency EM response
highlights the presence of conductive lithologies in the
immediate near-surface area (Figure 6¢). Locally this signal is
driven by the presence of sulphides, and more graphitic
shaley horizons. In many areas there is a close similarity,
or complementary relationship between the magnetic and
electromagnetic data suggesting that where present, the
overburden coverage is of very limited depth extent and
mostly non-conductive.

Fig.8. Resultsoverthe firstarea of study (Figure 7). Strike and dip information obtained from the algorithm (top left), and perspective views of the 3D-modelling

of thrust surfaces from three-point solution information. See text for details.
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Locally within the camp, geological field mapping has
suggested the presence of steeply plunging fold structures that
are directly related to the much larger regional scale features
which describe the BMC. Electrical conductivity and magnetic
susceptibility varies within the different rock types within the
camp. Therefore, there is no single recipe for mapping the
geological contacts from their geophysical signature. We
present two cases, one where the mapped geology matched
the magnetic data pretty well (Figure 7), and another where
the contacts were redefined after the apparent conductivity
map and some discussion with geologists involved in the area
(van Staal, 2009, pers. comm.; Figure 9).
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Critical to the proposed method of deriving geometrical
(structural) information from the relationship between the
topographic surface and the geophysically defined source
edges is developing some confidence in the defined location of
the geological contact. That can be accomplished by computing
the edges using three different approaches, as suggested by
Pilkington and Keating (2004): mapping them from different
datasets and establishing correlations between them; or by using
the contacts from the geological map, if there is confidence
on their location despite their relationship to the associated
geophysical maps. In this case we used both approaches. The
first case shows a situation where the mapped folds and fault
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Fig. 9. Geology and airborne geophysical data at the southern inset shown on Figure 6. Geophysical data from Geological Survey of Canada (1996). Different
combinations of colour and intensity layers were utilised to emphasise the existing (or lack of) correlation between the different datasets. («) Regional geology
(modified from van Staal etal.,2003) draped over topography; (b) Pole-reduced total magnetic intensity (RTP-TMI) draped over topography; (¢) 4433 Hz apparent
conductivity displayed with a logarithmic colour scale and draped over topography; (d) 4433 Hz apparent conductivity displayed with a logarithmic colour scale
and draped over the RTP-TMI dataset of (b).
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structures exhibit strong correlation with the pole reduced
magnetic (Figure 7a, b), whereas the apparent conductivity
map showed poor contact definition due to low signal. In this
case, the original contacts on the geological map were utilised for
the subsequent derivation of three-points sets.

By picking a series of three elevation points on the contact
and computing the dip of the assumed planar surface using a
standard plane equation routine given three points in (X, Y, Z)
space, the dip and strike of the lithologies on the different limbs
of this small fold were derived. Since the contacts are not
strongly influenced by the topography present in the study area
it should be readily apparent that these rocks are steeply dipping.
If we take the more easterly fold, just south of coordinate
5236 000N, our analysis shows that the north and south fold
limbs are dipping, respectively, at 83.7° towards north and 63.7°
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towards south (Figure 8a). Assuming that the rocks have not
been overturned then this pattern is compatible with a synclinal
structure.

Knowing the dips of the same strata on each limb of the fold
an estimate of the plunge of the fold can be derived using a
stereonet analysis. Combining all of these structural elements
provides sufficient data to construct a 3D representation of the
fold structure and associated thrust surfaces (Figure 8). The fold
geometry derived from this analysis is compatible with the limited
geological data that is available for this area. The algorithm
presented here generates planar surfaces. However, these
surfaces can be curved by adding more three-point solutions
on the inflection points. As with any interpolation algorithm,
the quality of the resultant surface depends on the number of
input points.
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N

Fig. 10. Results over the second area of study (Figure 9). Strike and dip information obtained from the algorithm (top left), and perspective views of the
3D-modelling of thrust surfaces from three-point solution information. See text for details.
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Second, we tried the same technique on another area south of
the previous one (Figure 9; see Figure 6 for location), where
the local geology was less constrained (van Staal, 2009, pers.
comm.). In this case both the RTP-TMI and Apparent
Conductivity maps show a series of tight folds in the centre of
the area (724 000 to 732000 E and 5218000 to 5228 000 N),
whereas the current geological map shows it all as a uniform unit
of metasediments of the Miramichi group (van Staal et al., 2003).
By using the Apparent conductivity map to redefine contacts
(Figure 10a), the same approach of digitizing sets of three-points
in (X, Y, Z) space was followed. Strikes and dips were then
computed as on the previous case, and a 3D model of the entire
area was computed (Figure 10). In this case, the fold structure
shows steeper dipping limbs (>80°) than on the previous example.
The Middle Ordovician granites of the western side of the area
(in red) are limited by a fold structure steeply dipping at 88°.

Conclusions

All geophysical inversion models are inherently non-unique.
Often a primary limitation is imposed by a lack of knowledge
of the physical property contrasts associated with specific
lithologies. Many of the newer geophysical inversion packages
attempt to minimise the range of possible inversion solutions by
introducing some form of a priori geological constraint at the
beginning of the inversion process. One of the more difficult
issues to address with this type of approach is determining any
geometrical constraint on a contact boundary. In the absence of
any evidence to the contrary, a completely unconstrained
inversion usually produces vertically aligned structures. This
interpretation may be in total conflict with the actual geology.
A further complication arises when magnetic remanence is
present. It is easily possible to confound the divergent
geometry of the magnetic field for dipping geological strata.
Depending on the relationship between the direction of the
remanent magnetic field and the dip of the geological strata it
is possible to observe the same total magnetic field anomaly overa
rock having only an induced magnetization and one in which
remanence dominates. Even when the magnetic field is wholly
induced, 2D magnetic modelling is only really capable of
detecting any difference in the direction of dip of a rock unit
when that rock unit is shallowly dipping. When rocks are steeply
dipping rarely is it possible to determine the dip direction since the
difference between the two options is often within the noise limits
of the magnetic data.

The combined edge detection/topographic technique outlined
in this study provides a possible approach to obtaining geological
contact geometry data which can be used in the construction
of a preliminary geological model. This derived geological
information should first be assessed for its compatibility with
any directly observed geological data. Once verified it can
be used to help constrain the preferred geological map
interpretation being developed by the field geologist. However,
for the method to work, the scale of the problem and the resolution
of the data being utilised must be consistent. That is, one should
not attempt to resolve local-scale features with regional-scale
topography and/or geophysics. Most of the public domain
topography (Shuttle Radar Topography Mission [SRTM],
Advanced Spaceborne Thermal Emission and Reflection
Radiometer Digital Elevation Model [ASTER-DEM)) is limited
to 30m pixel size. That would be sufficient for kilometre-scale
features, but not for features in the same order of magnitude of
the pixel size. If higher resolution is required, one option is
airborne-survey derived DEMs (although to overcome the 30 m
resolution, <100 m line spacing would be required, considering

the standard grid cell size of 1/4 or 1/5 of the line spacing).
Otherwise, topographically surveyed DEMs are required. A
further limitation/restriction is the assumption of planar surfaces
for the contacts/surfaces being modelled. Depending on the scale
of the problem, this simplification might or might not be suitable.

Future possible extensions of this approach might include
linking the computed dipping surfaces with subsurface multi-
edge (worm) contacts.
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