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Figure 5-1 - The Baie Verte Peninsula. Model profiles are displayed (black lines) and samples sites for
physical rock property specimens have been included (green dots). Detailed geology from Skulski et al.
(2010) and inset from Anderson et al. (2001).
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The BVP underwent a complex polyphase structural history (D1-D4) with deformation starting in the
Ordovician related to ophiolite (BVOT) obduction and accretion of the Notre Dame arc (van Staal et al.
2007). Little evidence of this deformation has been preserved in the BVOT and most deformation present in
these rocks is due to subsequent Silurian to Devonian oblique accretion of outboard terranes. Orogenesis
terminated with Carboniferous deformation accompanying the collision between Laurentia and Gondwana.
The various structures formed during these events have been summarized by Hibbard, (1983) and
Castonguay et al. (2009).

Geophysical Setting

Mzgnetic and gravity maps (Fig. 2) of the BVP are significantly influenced by the distribution of the
ophiolite and volcano-sedimentary cover packages. These geologic units simultaneously possess high
density and high magnetic susceptibility which leads to increased gravitational and magnetic signals relative
to surrounding lithologies. Recognizing this, several geophysical studies {Miller and Deutsch, 1975, 1976;
Haworth et al. 1978; Haworth and Miller, 1982; Spicer et al. 2010) have been implemented on the BVP
including Canada’s National Lithoprobe Geoscience Project (Miller and Wiseman, 1994, Waldron et al.
1998).

Pravious geophysical studies on, or near, the BVP have attempted to provide subsurface insight
along limited profiles (Miller and Deutsch, 1976; Waldron et al. 1998). Although some depth and physical
property information have been revealed through these reports, the three dimensional distribution of
geology on the BVP was never fully investigated. This stems from the fact that most of these studies were
limited to under-sampled, low-resolution surveys (Haworth and Miller, 1978; Miller and Wiseman, 1994) or
were desizgned to address issues of a larger scale in which the BVP encompassed only a minor component
{Miller and Deutsch, 1975).

The occurrence of oceanic crust at depth along the eastern portions of the BVP was suggested by
Miller and Deutsch (1976) on the basis of forward models along two profiles of regional gravity data with a
mean station spacing of 2.5km. Further examination of gravity by Jacobi and Kristoffersen (1976) also
showed the gravity highs to be confined within the margins of Notre Dame Bay. Haworth and Miller (1978)
presented regional scale interpretations of magnetic and gravity data for offshore BVP within Notre Dame
Bay. Limited to the easternmost extent of the BVP, they reported a consistent seaward (east) dip for all
ophiolitic units along the Western margin of Notre Dame Bay. They provided a maximum depth extent of
7km for ultramafic ophiolitic rocks within Notre Dame Bay; however no information regarding the onshore
extent of these bodies at depth was examined for the BVP in this study.

Miller and Wiseman (1994) adopted a more geological perspective in their work, moving from
simplified single-slab models (Miller and Deutsch, 1976) to recognizable geologic cross sections with
interpreted lithologic packages and major faults. Two east-west oriented magnetic and gravity transects
were modeled. The more easterly profile of Miller and Wiseman (1994) attempted to model the subsurface
geology on the eastern margin of the BVP. in their model Miller and Wiseman (fig 10, 1994) propose that
the eastern side of the BVP is underlain by a Grenvillian terrane. The Cape Brule porphyry is modeled as
directly overlying the Grenville. To model the increased magnetic and gravity signature seen along the
eastern coast of the BVP Miller and Wiseman (1994) proposed a steep easterly dipping sequence that
comprisad the Snooks Arm Group and the Betts Cove Complex overlaying the younger Cape St John Group.
All of these units are modeled as overlying a deeper more shallowly dipping dense and magnetic unit which
was hypothesized as being part of a much larger fragmented ophiolite imbricate thrust sequence. Recent
geological mapping as part of the TGI3 program has supplanted many of the surface constraints used in this
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Figure 5-2 - Geophysical data utilized for modeling. Generalized geologic elements have been overlain.
Gravity (above) stations are displayed as black dots while magnetic (below) flight lines are not presented.
Areas of simultaneous gravity and residual magnetics highs represent the occurrence of ophiolitic bodies.
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profile. More recent detailed geophysical modeling of the Betts Cove Complex (Spicer et al., 2010) has
suggested that the original model of Miller and Wiseman (1994) is incomplete.

The more westerly profile modeled by Miller and Wiseman (1994) focused on the subsurface
structure associated with the BVL. Unlike the other profile this one incorporated depth and lithological
contact constraints provided by Lithoprobe Seismic Line 89-13. While the general form of the
interpretation does not differ from previous models (Miller and Deutsch 1976; Haworth and Miller, 1982),
the later model included a westward dipping reflector which was thought to be cut by an east dipping listric
BVL. Miller and Wiseman {1994) model the area east of the BVL as comprising an ophiolite sheet overlaying
Grenvillian basement which in turn is overlain by a thin cover of Burlington Granodiorite. To accommodate
the reduced magnetic signal adjacent to the BVL, Miller and Wiseman (1994) invoked a gradual thinning of
the ophiolite sheet accompanied by a dramatic reduction in magnetic susceptibility. Using the same seismic
line data Waldron et al., (1998) incorporated an additional near surface, vertical to slightly westward
dipping zone of reflectors that were thought to represent boundaries to the Advocate Complex ophiolite
suite. These features were not incorporated into the potential field models of Miller and Wiseman (1994).
As noted above the BVL has had a long and complex displacement history which includes periods of lateral,
and both and upward and downward displacement. So any profile attempt to model the form of the BVL
can only describe the geometry as seen at one locale. Its true form can only be partially realized through a
3D investigation which can unravel some of the variations that exist along its length.

Geophysical Data
Grids

Data utilized within this study includes a detailed aeromagnetic survey acquired by the GSC (Coyle
and Onescnuk, 2008) and a regional gravity survey (Spicer, 2008). These datasets are all sampled at a much
higher resolution than any previous study implemented on the BVP and supplemented by new 1:20,000
scaled geologic maps and structural data (Skulski, et al. 2010).

Gravity data (Fig. 2) was collected along major roadways of the BVP with variable sample spacing
ranging from 2 km to 200 m, depending on the vicinity to mapped contacts (Spicer, 2008). This data was
reduced to the Bouguer anomaly (Telford, 1976) using a Bouguer slab density of 2.67 g/cm?and was
gridded with 500m cells and a blanking distance of 1.5 km. This blanking distance was adopted as a
compromise between sampling distribution and grid extent. A small blanking distance ensures true values
are displayed at their proper geographic location. A larger blanking distance will increase the extent of the
grid based on trends within the data extrapolating beyond the confines of, in this instance, restrictive
roadside profiles. A high resolution DEM was down-sampled to match the gravity sampling rate for
modeling purposes.

The high resolution aeromagnetic survey (Fig. 2) collected along flight-lines spaced 250m was
utilized for this work. The flight direction within this survey was along a 300 degree bearing in order to
optimize signal coupling between the regional geologic strike and the magnetic survey, a component
lacking within the previous regional airborne survey. The data from this survey was IGRF corrected, micro-
leveled to remove along line corrugations related to non-geologic input, then reduced to the pole to avoid
geograph c related asymmetries (Telford et al. 1976). This data was also implemented in the use of 3D
magnetic inverse modeling as well. 3D magnetic inversions were performed to a depth of 10km using a
mesh of 250m voxels. The methodologies involved in implementation of inverse modeling are presented in
Spicer et al. (2010b).
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Code ?;;::::3\)’ SD iu(ici:f\i_bsﬂg‘)’ sSD n Type Description
NPF 2.72 0.03 71.71 124.04 4 Humber
0OBBD 2.83 15.55 1 Epiclastic Debrite
OBBf 2.80 0.02 3.28 3.23 2 Felsic Volcanic Rhyolite
OBBs 2.64 0.02 458.45 642.10 2 Epiclastic Grapolitic siltstone/shale
OBCe 2.76 0.02 17.44 9.24 3 Epiclastic wacke, siltstone, shale
OBCf 2.68 0.02 13.97 9.87 3 Felsic volcanic felsic tuff, lapilli tuff
OBCma 2.81 0.01 26.16 0.57 2 Mafic Volcanic Andesite
08Cm 2.6 0.03 9.10 1.77 3 Mafic Volcanic Massive gabbro cut by gabbroic dykes
0OBHb 2.2 0.05 19.43 6.63 2 Mafic Volcanic boninite, pillowed flow
OBHf 2.79 1.38 1 Felsic Volcanic Rhyolite
OBHm | 292 | 006 10.02 2.81 4 | Mafic Volcanic ﬁgs’zs:snai:g;aayﬁiﬁfygabbm" intermediate
OMMm 2.93 11.37 1 Mafic Volcanic pillow basalt; BABB
OMS 2.95 0.06 359.80 695.85 4 Serpentinite Altered ultramafics
ORHmM 2.96 0.09 1478.62 2058.24 2 Mafic Volcanic pillow basalt; tholeiitic BABB
OSAg 2.99 0.09 379.01 647.82 4 Mafic Volcanic Gabbro dykes/sills
OSPm 2497 0.08 8.00 434 4 Mafic Volcanic pillow basalt; BABB, LREE-depleted BABB
OSPv 2.95 0.00 9.29 6.21 2 Mafic Volcanic volcaniclastics
OVBm 2494 0.05 74.28 157.50 7 Mafic Volcanic pillow basalt; BABB
SAPi 2.32 2846.43 1 Felsic Volcanic black fapilli tuff
SBGd 2.72 0.04 66.25 112.70 9 Felsic Intrusive Burlington granodiorite
SBPb 2.35 4753.89 1 Mafic Volcanic magnetic volcanic breccia
SCB 2.58 0.06 155.03 248.04 6 Felsic Intrusive Cape Brule Porphyry (Granodiorite)
SCBi 2.68 0.01 22.42 29.75 ) :::fl::::;iate g;;:tiet:)rule Porphyry (intermediate, quartz-
SCPr 2.84 522.09 1 Felsic Volcanic Rhyolite (magnetite bearing)
SCSJu 2.84 522.09 1 Felsic Volcanic Rhyolite (magnetite bearing)
SDGr 2.65 268.68 1 Felsic Intrusive Dunamonon Granite
SGPb | 281 |008| 430850 | 95009 | 2 | Mafic Volcanic :\e:;:rfch'g;‘l’fr::z'ccr:;ifsa strongly
SGPw 261 6.82 1 Felsic Volcanic Felsic Tuff
Sthm | 287 | 0.3 6.33 0.41 2 | Mafic Volcanic bmaizslit"e amygdaloidal, continental tholeiitic
SMBm 2.99 144.12 1 Mafic Volcanic upper massive amygdaloidal basalt
SML 2.68 0.07 9.31 8.53 3 Mic mac
SRCPb 2.60 0.12 1.19 0.27 2 Felsic Volcanic felsic tuff breccia xmas unit
SsiB 2.67 270.38 1 Felsic Intrusive syenite
SWPr 2.64 0.02 394.20 50.71 2 Felsic Volcanic aphyric flow banded rhyolite
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Table 5-1 - Physical rock property database used for modeling across the Baie Verte Peninsula.
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Petrophysics

Kncwledge of physical rock properties is an essential component to any geophysical model.
Physical prcperty variations are the causative driving force behind observed geophysical signal anomalies.
It is uniformly acknowledged that any computed potential field models represent a non-unique
mathematically constrained best fit approach to explaining the observed geophysical signature. Since one
of the variables in potential field model computation involves the physical property of the rock unit
including a known value for a particular rock unit serves to reduce the degree of possible variation. For the
gravitationzl signal which is related to the mass of an object, this requires that density, p, measurements
should be taken. The magnetic signal recorded in a magnetic survey is dictated by the magnetic mineralogy
of the geolcgy. The physical property in this case is known as the magnetic susceptibility, k, or ease of
magnetization. Measurements k of are taken as a ratio between the magnetic polarization, |, of a material
to an externial magnetic field, H (Telford et al. 1976).

Rock samples used in this work were collected during previous studies on the BVP (Slavinski, 2007;
Spicer, 2008; Spicer et al. 2010). Magnetic susceptibility was measured using a Bartington Instruments MS2
magnetic susceptibility meter. Density values were calculated employing a standard Archimedes Principle
specific gravity ratio relative to water. The corresponding lithologic codes assigned to sample specimens
were based on recorded GPS positions and the most current geologic maps (Skulski et al. 2010). Additional
physical prcperty values not previously reported have been summarized in Table 1. Petrophysics values
from Spicer et al. 2010 were implemented exclusively in the Betts Cove area. Values for geologic
formations not sampled yet included in models to satisfy known geology were assigned based on rock
types (Daly, 1935) then altered as required by the geophysical signal.

Results and Discussions
Models

Gecphysical modeling of magnetics and gravity was executed along eight profiles across the BVP
(Fig. 1). While cross-sections are more easily produced when created perpendicular to geologic strike, the
nature of the regional gravity survey (Fig. 2) dictated that profiles be measured along the major roads
which do not necessarily follow such criteria. All cross-sections contain at least, but are not confined to,
one intersection with another profile (Fig.3). This principle, absent in previous geophysical investigations of
the BVP, ensures continuity in depth and distribution of modeled structures and lithologies. Geologic, or
structural trends defined on the topographic surface were honored, but were modified in the subsurface to
accord geological continuity with the geology on an intersecting profile. A stronger degree of confidence
was assigned to constraints for profiles oriented perpendicular to mapped geology. Apparent dip angles
were calculated for each profile taking true dip, dip direction and the cross sectional bearings into account
using the Rock Ware’s Geotrig software. The Models presented here assume a basement of uniform
density and magnetization except in specific instances where mapped geology and physical properties
require furthered explanations. The depth to basement is roughly 6-7km on the eastern portions and near
3-5km in the west. This is in agreement with previous studies documenting an eastward dipping subduction
zone below the BVP. Additional constraint was provided using models from 3D inversions implementing
UBC-GIF code. While unconstrained inversions are inherently non-unique they can provide information
regarding possible values and more importantly structural dip directions. All modeled responses include a
magnetic ard gravity signal. Profiles were limited by the extent of the regional gravity coverage. Each
profile uses a consistent lithology colour coding. Figure 4 displays the legend implemented for all profiles.
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Figure 5-3 - 2D geophysical profiles in 3D space demonstrates the intersection points and the continuities
across each section. Regional views with (a) and without geology (b). Close up view towards the south (c)
and north (d).
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Profile 1

This section begins in the Flatwater Pond Group, a series of mafic and felsic volcaniclastic rocks
with some lesser associated conglomerate and finer grained silicilastic sedimentary rocks (Fig. 5). These
rocks have & complex history of strike and dip slip movement along the fault zone that marks the Baie Verte
Line. These units are juxtaposed against the Burlington Granodiorite (BG) along a steeply inclined, slightly
westward dipping fault. The exact form of the fault surface is poorly constrained by the geophysical data.
Evidence of the BG is clear within the regional gravity profile where a large negative anomaly represents
the presence of a granite body surrounded by ophiolitic rocks. The base of the BG is modeled to a
maximum depth of 2 Km along peripheral contacts and its core has folded to form an anticline. This has
been included based on observations within the geologic map where units directly along the northern
terminus of the BG display an antiformal map pattern.

To the east, units of the Pacquet Harbour Group continue along the limb of this anticline, plunging
roughly 40 degrees at surface. The core of the Rambler Rhyolite, which previously had been considered a
dome, has heen reinterpreted as a fold interference pattern based on new mapping (Fig. 1). Castonguay et
al. (2009) and Skulski et al. (2010) suggested that the Ming and Rambler deposits occur along the same
stratigraphic horizon, situated along the contact between the rhyolite and basaltic rocks. This fold
interpretation has significant economic implications, because it requires that the ore bearing horizon
should reoccur along the southern contacts of the Rambler rhyolite, which have been much less explored in
the past. This area of the Rambler structure is thus a highly prospective exploration target. However, this
part of the fold has been highly attenuated and modified by the Rambler Brook thrust.

The synformal core of a tight to isoclinal, upright fold is hosted within the pillow lavas of the Round
Harbor forrnation at the edge of the geophysical profile. However continuation of the fold at depth below
the adjacent Cape Brule Porphyry is poorly known. This geophysical response of the model is discontinued
near the axis of the fold, however 3D magnetic inversions support the notion that that some fold limb dips
to the west (Fig.6). To the east of the CBP the Cape St. John group must be encountered. The nature of this
contact between the PHG and the CSJG is unknown at the present (See Profile 6) however a sharp
transition of regional geologic trends suggests that some unconformity or tectonic contact may be in place.

Throughout the PHG gabbroic intrusions into the volcanic pile seem to dominate the magnetic
signal. This resembles the responses observed in the equivalent Snooks Arm cover rocks above the Betts
Cove ophiclite (see profile 7 and 8) where magnetic peaks are often associated with the mafic sills and
dykes. These units commonly have sub vertical orientations. On a regional scale these dykes can be
grouped in larger pods throughout the PHG a more detailed interpretation of their extent is presented in
Spicer et al., (2010b).

Profile 2

Profiles covering a larger area can provide greater insight into the overall geometry and hence
fundamenal structural relationships between the major units, particularly where they are masked at
surface by intrusions. An example is provided by profile 2. Here the 487 -470 Ma (V. McNicoll, unpublished
data, 2009) Pacquet Harbor Group (PHG) is exposed in the west while the 426 Ma (V. McNicoll, unpublished
data 2008) CSJG is present in the east, both separated by the CPB

Regionally the profile (Fig. 5) documents the occurrence of two mapped synclines separated by a
Silurian granitoid. In the middle where the Cape Brule Porphyry intrudes, an antiform is interpreted. This
area is difficult to interpret as it is associated with a significant change in regional structural trends yet is
covered by an intrusive sheet; however the gravity is permissive of a limited degree of antiformal curvature
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within the CBP. While the Snooks Arm and Pacquet Harbour Groups may be correlatable (Castonguay et al.,
2009; Skulski et al., (2010) the nature of the transition between the two is difficult to define and
geophysically these two units are indistinguishable. The pillow basalts and mafic volcanics of the Lower
Pacquet Harbor Group yielded densities of 2.87-2.9 g/cm? (Table 1) while the SAG is here simplified (Fig.4)
as a large bedy in the subsurface with a density of 2.86-2.88 g/cm?® which is based on an overall average of
the package. The PHG is continued to the base of the CPB along the surface trends, however it is more
probable that units refold within the interpreted anticline and carry on below the CSJG as the SAG.

After this transition there is an abrupt change to lithologies of the CSJG. While there appears to be
no evidence of significant faulting at this depth, an unconformity surface may provide the necessary
mechanism for such a shift (see profile 6). A fault surface in tectonic contact with the CBP gives an apparent
normal sensz= as the upper CSJ are juxtaposed to lower units. This however is a case of an early F2 fold limb
being propagated towards its core during late stage faulting. This fault ‘scoop’ has been affected by later
extensional “aulting (see profile 3). Moving east a granitic intrusion is encountered near the surface. This is
a geophysical rather than mapped requirement. Very tight folds are modeled to explain map patterns of
the lower CSJG near the contact with the Betts Cove Ophiolite Complex. Here the Betts Cove Ophiolite
Complex is a synclinal feature with only portions of the SAG present. Serpentinized ultramafics border the
structure and below, high density and strongly magnetic mantle peridodite is interpreted to complete the
stratigraphic column and satisfy the geophysics. The maximum depth to the basement contact here is only
5km, suggesting the basement has been uplifted during Salinic thrusting (see profile 7) of the BCO over its
cover. Further offshore ophiolite is predicted up to depths of 10 Km (see profiles 7 and 8).

Profile 3

This profile is a large section constructed obliquely to the regional geologic strike (Fig.7). Surface
contacts were honored however the depths of lithologies and structures presented within this model are
the results of intersection constraints from four sections more perpendicular to strike.

Beginning in the west, this profile consists of the Cape Brule Porphyry overlying the Snooks Arm
Group, some portion of altered ultramafics, and a basement which is trending towards the surface. The
slope observed in the basement may be the consequence of some preexisting morphology, or later fault
controlled tilting. A deep-seated northeast dipping fault has been included based on the requirement of
uplift in this area within profile 6. The faulting within these profiles is a hypothesis formulated as a
consequence of the large magnetic anomaly within the center of the CBP. Some deep seated northeastern
dipping structures are also revealed within the magnetic inversions (Fig.8). Based on position, amplitude
strength and its broad coverage this anomaly is likely to represent a piece of near surface ophiolite. Some
mechanism is required; faulting seems the most likely to explain such an offset. This may be related to the
original obduction thrust which is the current understanding for the position of the Betts Cove Ophiolite,
however extensional collapse as encountered at Ming’s Bight may also be a potential source of
explanation.

Further east, the contact between the CBP and the CSJG is encountered. This is non-tectonic and
dips steeply to the southwest unlike in other sections where south directed thrusts have created a
northeast dipping contact. Adjacent to the contact, a thrust surface hosts the core to a syncline. The full
nature of this thrust remains unclear as the geophysical signature is not well matched. Based on evidence
presented in other profiles however, the magnetic signal associated with this fault cannot be explained
based on the current geologic map (see profile 7). This thrust also consists of a dismembered portion with
normai faults dipping to the west, presumably formed some during late stage extensional stress.
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Cape Si. John Group
Continental Cover

Brents Cove Formation - Pumice bearing lapilli tuff - Sisters Pond Formation - Massive amygdaloidal basalt
SCPr | Carolina Point - Formation- Magnetite-bearing rhyolite - Bench Pond Formation - Fine grained felsic tuff

[sect]

- (3rand Cove Formation - White massive rhyolite Goss Pond Formation - Strongly magnetic mafic volcanic breccia
Bl veis's Pond Formation - Aphyric flow banded rhyolite B Reo ciift Pond Formation - Felsic tuff breccia

Little Caplin Cove Formation - Beige lapilli tuff - Goat Pond Formation - Welded tuff

Armchair Pond Formation - Black lapilli tuff - Loon Pond Formation- Massive amygdaloidal, tholeiitic basalt

Snooks Arm/Pacquet Harbor Group
Syn-obduction ophiolite cover

SR Snooks Arm Group - Lumping Venam's Bight Formation - Pillow basalt
Round Harbor Formation- Tholeiitic pillow basalt
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Balsam Bud Cove Formation - Graptolitic shale, siltstone -

Bobby Cove Formation - Wacke, siltstone, shale

Bobby Cove Formation - Pillow basalt, andesite (calc-alkaline)

Scrape Point Formation - Tholeiitic pillow/flow basalt

Balsam Bud Cove Formation - felsic lapilli tuff Late mafic sills and gabbroic dykes

Baie Verte Oceanic Tract
Ordovician ophiolite complexes

Pillow Basalts, Sheeted Dykes and Gabbro

- Mt. Misery Formation - Boninitic rhyolite/rhyodacite

Mt. Misery Formation - Pillow tholeiitic basalt

Serpentinite and altered ultramafic cummulates
- Bett's Head Formation - Boninite, pillowed flows l:} Mantle ultramafics

Granite
Silurian intrusions and the Laurentian continental margin

Granite, Granodiorite, gz-feld porphyry :I Basement
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Figure 5-4 - Legend for lithologies contained within geophysical profiles.
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Figure5- > - Geophysical forward models of profiles 1 (above) and 2 (below). Observed magnetics and
gravity signals (black dots) and forward model response (solid black) are shown.
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An anticline and syncline are encountered next while moving to the east. These host the north south
trending axis and represent F; cross folding. This suggests folds within the CSJG are also doubly plunging,
similar to the nearby Betts Cove Ophilite (Spicer et al. 2010). The modeled gravitational response of the
anticline is larger than he observed signal while the synclines gravity appears too low. Constraints from this
side are clerived from profile 8 where the depth of the syncline core is well supported within by gravity.

Overall, the modeled response of this section does not match the measured signal as tightly as
others. This is the result of a complicated map pattern and the restrictions imposed by other profiles.
Further complicating matters, the geologic map within this area appears to require some revisions. While
this is beyond the scope of this investigation, altering the surface contacts of the map within problematic
areas of this profile would significantly alter the map pattern.

Profile 4

Profile 4 [Fig.7) is an important transect across the BVP as it includes the Ming’s Bight outlier. Originally the
interpretation of the BVP was rather simplified; Ordovician ophiolites were obducted over the continental
margin moving along an eastward dipping subduction zone (Hibbard, 1983). However the recognition of a
Fleur Des Lys type geologic assemblage east of the BVL at Ming’s Bight required some new form of
explanation. Hibbard {1982) initially described the effect of some pre-existing continental morphology
which he termed the ‘Baie Verte Flexure’ as a means to achieve this map pattern. Later work though would
reveal a late Devonian to early Carboniferous dextral transtensional regime across the BVP (Anderson,
1998; Waldron et al. 1998). Bound by normal faults dipping to the southeast and southwest (Anderson et
al. 2001) the Ming’s Bight Group was hypothesized to be a horst-like structure and is in fact a tectonic
window of basement.

This is the first geophysical model to explore the Ming’s Bight area and highlights some issues with
previously reported models. The gravity profile across this transect begins higher and decreases towards
the shore: where the basement window is exposed. Relative to the rest of the BVP though, this entire
profile is a gravity low. Lithologies of the surfaceare almost exclusively low density material. Two Silurian
intrusions, the Cape Brule Porphyry and the Dunamagon Granite {(DG) flank an extensive body of siltstones
and shales. The gravity profile increases slightly at the contact between the DG and the MBG. Sampling in
the area s low, the DG and MBG have only one representative while the sediments only two (Tabie 1). All
density values are within the lowest allowable range. Based on gravity the DG is a shallow structure. This
can also be witnessed within the 3D magnetic inversion (Fig.6).

While the basement throughout the Peninsula has been modeled at 2.67 g/cm? in accordance with
the averzge continental crust value and a high magnetic susceptibility based on the regional magnetic
signal, the interbedded metasediments sampled of the MBG at surface had a density of 2.72 g/cm® and
were nor-magnetic. A block with these sampled parameters was included until a depth where the
interpreted basement was encountered based on intersection points and trends within the other profiles.
Even using this higher density, the gravity response across the MBG does not compute well enough and
remains lower than observed. Inclusion of any higher density material below this area would be
unwarranted based on current knowledge of the local geology and tectonics. Offshore regions may contain
near surface ultramafics, the proximal Pointe Rousse Ophiolite complex {see profile 5) has been exhumed
by D, southward directed thrust {Castonguay, et al. 2009). Inclusion of a large ophiolitic block in the
Atlantic Ocean north of this profile allows for only a minor improvement in the overall model though and is
still very speculative. A magnetic anomaly over the MBG suggests some form of alteration or the presence
of finer scaled magnetic lithologies.
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Figure 5-6 - Intersecting 2D forward models (above) display the presence of a synclinal structure intruded
by the Czpe Brule Porphyry (pink). 3D magnetic inversions sliced along the azimuths of profiles 1 and 4
supports for the presence of such a structure (S). Further north, the Dunamagon Granite body (DG) can be
seen as a sallow relatively magnetic body.
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Figure 5-7 - Geophysical forward models of profiles 3 (above) and 4 (below). Observed magnetics and
gravity signals (black dots) and forward model response (solid black) are shown.
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F ne grained sedimentary rocks are modeled to a depth of roughly 1.5 Km. A lesser depth could be
obtained if a larger sampling population revealed a lower density. The axis to a regional syncline is hosted
within the magnetic pillow lavas correlated to the Round Harbor Group. As at Betts Cove, these rocks are
very magnetic. A magnetic anomaly within the sediments may be explained by the presence of gabbroic
dykes observed within the Pacquet Harbour Group (PHG), however the gravity does not support this. Below
surface the lower portions of the upper PHG are in tectonic contact with the MBG.

Profile 5

This transect (Fig.9) cuts across the Rambler property. In the south a large portion of the Lower
PHG is displaced by the Rambler-Brook fault across the upper PHG comprised of the Rambler rhyolite and
other mafic pillow basalts and mafic rocks. To the north the Point Rousse Ophiolite complex is thrust above
the Scrape Thrust. Interpreted at depth, the contact with the MBG occurs along a normal listric fault. This
profile is plagued by significant edge effects. To the south a significant amount of bonitic pillows are
indicated on the geologic map. Including these known geologic units though produces a very high gravity
signal. This survey was performed on the main La Scie highway where the presence of significant
overburden thickness may be having an effect on the observed gravity signal. Combined with the lateral
proximity to the low values associated with the Burlington Granodiorite profiles extracted from the gravity
grid are likely much lower than in actuality at this location. To the north the model shows more problems.
The magnetic signal is dominated by the occurrence of the Point Rousse Ophiolite complex. The geology of
this area is very complex, based mapping inconsistencies is appears the exact form of the geology in the
subsurface remains unclear. The Point Rousse complex is heavily faulted. Three zones have been modeled,
the first two are the serpentinized ultramafic and ultramafic cumulates from the map. The last, which
extends seaward, has the characteristics of deep seated mantle in an attempt to strengthen the input of
gravity. The edge effects of this profile remain rather severe though.

Profile 6

Profile 6 (Fig.9) permits the least degree of surficial constraint for modeling however gaining insight
into the subsurface properties of this area will be critical to understanding the regional geologic framework
of the BVP. Here, regional structural trends shift from northeasterly to primarily east-west along the ‘Baie
Verte Flexure’ (Hibbard, 1982). The Cape Brule Porphyry, a late stage Silurian felsic intrusion covers most of
this area preventing any analysis of primary structures by conventional geological mapping. However, a
window of basalt and gabbro to the south implies that ophiolitic components are likely encountered at
depth. The gravity profile across the area also suggests that a significant amount of high density material
must be present within the subsurface of this area. The presence of ophiolite within this area is again
supported when considering the residual magnetics. A broad, high amplitude anomaly present within the
confines of the Cape Brule Porphyry requires a large zone of alteration which is undocumented, or some
highly magnetic material below the intrusive. 3D UBC-GIF magnetic inversions across this site indicate
similar results (Fig 8). Based on a location directly adjacent to the Betts Cove Ophiolite, this area of high
density and increased magnetic susceptibility most likely represents the near surface occurrence of
ophiolites. When considering the entire BVP, only ophiolites exhibit such a high magnetic signature over
such a broad area. In order for this to be achieved, the ophiolite portion would have been thrust upwards,
most likely during the same obduction stage as the other ophiolites on the peninsula.

On profile 6 a portion of altered ophiolite rests above a section of uplifted basement. This material
exists 500 m below the Cape Brule Porphyry (CBP) and is more magnetic than any ophiolite elsewhere on
the Peninsula. The structure presented is very similar to the horst-like model of the Ming’s Bight Group on
profile 4, presumably related to extensional stress during a late Devonian dextral transtensional regime
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(Anderson et al., 2001; Waldron et al., 1998). The pattern of the magnetic anomaly suggests that this
feature plays host to two fold axes (Fig 8). One trending to the northeast belongs to an anticline present
within the modeled horst structure while the second which is east-west trending is likely related to folds
document.ed within the Lower Pacquet Harbour Group to the near west (Skulski et al. 2010). Together
these folds produce a dome feature. A large near surface occurrence of ophiolite within 2.5 Km of the Betts
Cove mines should represent significant mineral potential.

In this profile, as well as others in sections 7 and 8, the presence of a highly magnetic basement is
required. While a single fault has been modeled dipping to the south, a series of normal faults occurring
along reactivated imbricate thrust sheets is a likely scenario to explain this morphology as well. To further
complicate interpretation, the proximity of this structure to the Green Bay Fault implies that a complex
history of stress and deformation must have occurred. Regardless, a thick sequence of high density
material presented here as a mixture of pillow basalts and gabbro must be in place. In the northern
sections of the profile a tectonic contact is proposed between the CBP and the CSJG. While current
mapping of this area would support the presence of a thrust, insight provided in this model indicates that
some late stage normal movement may also be possible. The Snooks Arm Group (SAG) and a layer of
altered ultramafics rest below situated above the basement. Within these models as well as other works
(Castonguay et al. 2009, Skulski et al. 2010) the SAG and the Pacquet Harbour Group (PHG) are considered
contempcraneous. Near Betts Cove an unconformity relationship is observed between the SAG and the
CSJ. Previous workers have debated the relationship between the CSJ and the PHG. Hibbard (1983) along
with Neal and Kennedy (1967) believe that some unconformity, or tectonic contact, must be in present
while others (Church, 1969; DeGrace et al. 1976) propose a conformable stratigraphy. In truth however, the
contact is buried below the cover of a large Silurian intrusion. A detailed model of such a contact would be
difficult tc prove, or disprove, and is beyond the scope of this paper. The units within this profile however
have beer terminated abruptly along a surface which may be considered unconformable to the CSJ to
satisfy geophysics and map patterns.

Profile 7

Profile 7 (FFig. 10) begins in the north within the Cape St. John Group and moves south where it cuts through
the Betts Cove Ophiolite into Notre Dame Bay. While gravity stations do not extend past the shoreline, the
model has been continued offshore to combat edge effects and to maintain faults trends from profile 6.
Since full coverage of the BCO was beyond the means of the ground gravity survey implemented for this
study, aspects of offshore components to this model are somewhat speculative. Using results from a
marine magnetic survey, Spicer et al. (2010) provide evidence the BCO exhibits a significant reduction in
magnetization a few kilometers offshore. This decrease in magnetization was explained in terms of
significant faulting with the BCO lying under up to 2km of non-magnetic cover. This has many similarities to
the Carboniferous cover sequence observed within the Deer Lake Basin {Cabot 2001). A mid Devonian to
Carboniferous dextral transtensional regime (Waldron et al. 1998) responsible for the exhumation of the
Ming’s Bight outlier and another similar feature observed on profile 6 along the western margin of Notre
Dame Bay may be responsible for an offshore absence of the BCO. With up to 30 km of dextral movement
is documented along the Green Bay Fault (Marten, 1971) which trends to the northeast and is interpreted
to extend only a few Km’s to the shore of the Betts Cove Area, the offshore portions the BCO may be
kilometers to the south. Miller and Deutsch (1976) however maintain that rocks of density 3.0-3.1 g/cm?®
exist to depths of 7-10 Km below Notre Dame Bay. This has been included within these profiles to maintain
consistencies within the literature and to combat edge effects within the gravity profiles.

The magnetics of profile 7 are not adequately explained using surface patterns, there is an extra anomaly at
the northernmost section not explained in the mapped geology (Fig.10). The “brown armchair pond” unit
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Figure 5-8 - a) 3D magnetic grid displaying a potential near surface ophiolite body with two fold axis (FA)
interpreted. b) And c) Ophiolite uplift structure from 2D forward models (left) juxtaposed 3D magnetic
inversions (right) sliced along identical azimuths.
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Figure 5-9 - Geophysical forward models of profiles 5 (above) and 6 (below). Observed magnetics and
gravity signals (black dots) and forward model response (solid black) are shown.
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(Table 1, SAPi) unit is very magnetic. Two alternative models have been presented to explain this. One is a
fault controlled model with north dipping reverse fauits presumably related to the same south directed
stress act ng on the Cape St. John Group throughout the eastern BVP causing the east west folding (Fig.10).
This model assumes a degree of previous folding as observed in the map, however in order to bring the
more magnetic Armchair Pond black lapilli tuff unit to the surface as indicated on the magnetics, a later
system of faults are required. Assumed thrust surfaces have also be included near this area in the most
recent maps produced by Skulski et al. (2010). A second possible explanation for the magnetic anomaly
pattern may be increased fold activity (Fig.11). Situating a fold axis where the fault from the previous
model existed, it is also possible to bring the Armchair Point formation to surface. Both of these models
satisfy the magnetics to a greater degree with the faulted model more supported by the gravity. If these
are corrected however, the surficial distributions of the current maps would require some significant
revision. A near surface granitic intrusion has been included in order to satisfy the gravity. While no
evidence of such occurrences in this area is documented, felsic intrusions are indeed within the CSJG to the
north, informally referred to as the La Scie Igneous Suite (DeGrace et al. 1976, Hibbard, 1983). The
presence of this intrusion is also supported within profile 2.

Along this profile where the CSJG and Betts Cove Ophiolite complex meet, a non-conformity is
observed. The amygdaloidal tholeitic basaits of the Loon Pond formation within the CSJG overlie the talc-
serpentinite schists of the BCO. This was first documented by Neale et al. (1975) and later by DeGrace et al.
(1976). Opposite to earlier understanding, this placed the CSJG as a post obduction formation. This
unconformity is supported along this profile by both the gravity and magnetics. Parasitic folds here are also
present in profile 8 down strike of this location and are required to explain current geologic maps. What
Neale et al. (1975) failed to mention however, and something dismissed in all other previous studies are
the implizations of such an unconformity for the timing of deformation at the BCO. While current
interpretations place the BCO as a Salinic structure (Bédard et al. 2000, Spicer et al. 2010), this
unconformity requires deeper portions of the BCO must have already been exposed prior to the onset of
Silurian volcanism. Although folding of the BCO likely continued during the Salinic, the initial structure
present when the unconformity occurred must have begun formation during the Taconic.

Profile 8

The transect across profile 8 (Fig. 11) is similar to profile 7, beginning in the north with the Cape St.
John Group (CSJG) and moving south into the Baie Verte Peninsula. These two models were produced
perpendicular to the geologic strike of units on the eastern portion of the BVP, making the procedure less
complicated. Beginning in the north a series of anticlines and synclines are observed. These large scale folds
are overturned with axial planes dipping to the north. Parasitic folding has been included to explain areas
where mapped unit thicknesses increase near the contact with the Betts Cove Ophiolite. The axes to these
folds are vertical and are contained within an overall synform. The obduction surface boundary
encountered between the CSJ and the BCQ is steeply dipping and overturned to the north near the surface.
This is in agreement with work presented by Spicer et al. (2010} and is a requirement of the magnetics and
gravity. Here as also observed in profile 7, significant edge effects plague the interpretation offshore of the
BCO. The: forward model responses recorded of these profiles are primarily affected by material directly
underneath the measurement point. While geologic trends have been continued, the full effect of their
contribution to the geophysical signal is minimal.
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The Baie Verte Line

There have been multiple geophysical investigations across the Baie Verte Line. Early work
depicted -his composite fault zone as a vertical structure extending infinitely at depth. Jacobi and
Kristofferson noted the high magnetic anomaly associated with this feature while Miller and Deutsch
(1976) showed that the gravity throughout the Peninsula increased after crossing this boundary. Initially
Miller and Wiseman (1994) incorporated the Lithoprobe seismic resuits into their forward model of the
gravity ard magnetic signature of the BVL. Later Waldron et al. (1998) used the same seismic data yet
produced quite different geological reconstructions. While this paper has focused on forward models
across the entire BVP using 3D magnetic inversions as support, here we wish to address the previous BVL
models using this new technology.

The profiles from the abovementioned studies were georectified in 3D and compared to one
another then contrasts or similarities were made in relation to magnetic inversions (Fig. 12). While Miller
and Wiseman (1994) provide depths within their forward models that are correlated to structures within
the seismic data, Waldron et al. (1998) linked geology to travel times only. The depths used in the profiles
reported in this study are linked to the depth information as used by Miller and Wiseman (1994)

Interpreting structure from an unconstrained inversion can lead to many problems. These are the
result of a mathematical procedure which takes very little geologic input into consideration. In the case of
the BVL, the only constraint implemented was an upper bound of 0.01 SI. And although negative
susceptikility values are not geological meaningful, UBC-GIF inversions will generate such values, regardless
of the bounds imposed on the inversion. While structural information can still be gained, values from this
model should simply be considered as relative. The maximum depth of the computed inversion model was
limited to a depth of S Km. Previous artificial model experiments have shown that results of unconstrained
inversions produced blurred images of the truth at depth, providing little useful information. When
compared to the model of Miller and Wiseman (1994) many aspects are repeated. A strong eastward
dipping fzature is present which was interpreted to represent the base of the obducted ophiolite sequence.

In their model Miller and Wiseman (1994) extend this surface to increased depth but this is beyond
the resolution of an unconstrained inversion to evaluate. A shallow horizontal structure is also present
within the magnetic inversion which agrees with the interpretations made by Miller and Wiseman (1994)
for a base of the Burlington Granodiorite. Reflectors interpreted in the Miller and Wiseman (1994) model
as being representative of the base of the ophiolite sequence were thought to represent the base of the
Burlingtcn Granodiorite (BG) by Waldron et al. (1998). This would place the BG at 5 Km depth which does
not agree with the forward models presented within this study or others before and is likely too deep.
Waldron et al. (1998) does pick out a reflector at a more appropriate depth, placing the King’s Point Ring
Dyke Complex where the base of the BG is more likely to occur (Fig 12).

The notion that the BVL represents a near vertical to steeply westward dipping zone is a well
documented geological interpretation (Hibbard, 1983) and geophysically supported by Waldron et al.
(1998). This observation is also contained within the result of the magnetic inversion. A zone of high
magnetic susceptibility almost certainly represents the location of the Advocate complex. While this
unconstrained inversion provides poor depth constraint, Waldron et al. (1998) propose the ultramafic sliver
tapers off at approximately 10 Km depth. While the bordering Flatwater Pond Group (FWPG) is shown
mirroring the Advocate Complex’s behavior in Waldron et al. (1998) the magnetic inversion as originally
documented by Miller and Wiseman (1994), are strongly influenced by an east dipping structure within
these rocks (Fig. 12).
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Figure 5-1.0- Geophysical forward models of profiles 7a {above) and 7b (below). Observed magnetics and
gravity signals {black dots) and forward model response (solid black) are shown. Elements within 7a and 7b
have identical values.
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West dipping structures that are reported in the Waldron et al. (1998) model however are prevalent
throughout the magnetic inversion as well. These provide geophysical evidence for late state extensional
faulting (Jamieson et al. 1993} along the boundary between the Humber and Dunnage Zones, strengthening
the notion that the Advocate may represent some down dropped portion of an overlying ophiolite sheet.

A horizontal structure is also present within the magnetic inversion which agrees with the
interpretations made by Miller and Wiseman (1994) for the base of the Burlington Granodiorite. The
reflectors used to support the obduction surface of the Miller and Wiseman (1994) model were thought to
represent. the base of the Burlington Granodiorite (BG) by Waldron et al. (1998). This would place the BG at
5 Km depth which does not agree with the forward models presented within this study or others before
and is likely too deep. Waldron et al. (1998) does pick out a reflector at a more appropriate depth, placing
the King’s Point Ring Dyke Complex where the base of the BG is more likely to occur (Fig 12).

Conclusions

The geology of the Baie Verte Peninsula is exceedingly complex having a history of multiphase
volcanism and deformation events brought about during the closure of the lapetus Ocean and the orogenic
building of the Appalachians. This study intended to investigate aspects which for the most part, are
generally accepted on a regional scale. And while the geophysical models have provided valuable insight to
many of these issues, they have generated nearly as many new questions. The morphology of the
basement throughout the BVP is much more complex than previously expected. While the generalized
eastward sloping model still holds, the work presented here suggests that a significant degree of folding
must be present at depth. In the Ming’s Bight area there is support that a tectonic window of basement is
exposed and bound by normal listric faulting. Model discrepancies throughout this area however suggest
that certain geologic aspects require further attention. This includes the distance that the Ming’s Bight
tectonic window extends offshore, and the influence of basement below the Point Rousse Complex. A
dense and highly magnetic, near surface component within the Cape Brule Porphyry intuitively suggests the
occurrence of ophiolite. Requiring some mechanism to achieve this, basement
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Figure 5-11- Geophysical forward models of profiles 7¢ (above) and 8 (below). Observed magnetics and
gravity signals (black dots) and forward model response (solid black) are shown. Elements within 7a and 7¢
have identical values.
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Figure 5-12 - a) 3D magnetic inversion across the BVL with interpreted structures (black) and sismic profile
location (red). A-advocate complex, BVL — Baie Verte Line, RD — Ring Dyke, GR- Burlington Granodiorite. b)
Inversion results with transparent seismic model presented by Waldron et al. (1998). c) Inversion results
with transparent seismic constrained potential field model presented by Miller and Wiseman (1994). d)
Magnetic arofile slice with structures interpreted to coincide with Waldron et al. (1998) (black) and Miller
and Wiseman (red).
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morphology similar to the window observed at Ming’s Bight may be present below the Silurian cover.
Folding of the Rambler rhyolite may indicate ore horizons in areas not previously considered.

The extensive Silurian intrusive cover throughout the Peninsula presents a challenge for developing
a complete subsurface framework. While certain inferences have been made, the ability to test these
hypotheses is difficult as no physical evidence may be acquired for at least 1.5 Km for the most part. The
CPB is thickest in the middle and thins to as little as 500 m depth towards it edges. A sheet of high density
and magnetic material is required to be present below the CBP. On a regional scale it is possible to model
this feature as being associated with the transition of the Snooks Arm Group to the analogous Pacquet
Harbour Group. A thin layer of altered ultramafics, likely occurring below this sheet is probably comprised
of several imbricate thrusts which are beyond the resolution of this investigation. A near surface ophiolite-
like body below the CBP, close to the previous Betts Cove mine is supported by modeling and represents a
significant exploration target.

The Cape St. John Group is hosted within an east-west trending fold belt where folds are
overturned and plunging to the north. Cross folds can be seen throughout, producing doubly plunging
folds. A strong magnetic anomaly, inconsistent with current map patterns suggests the occurrence of very
tight folding, or later faulting propagating the lower fold limb towards its core. The non-conformity
between the Betts Cove Ophiolite and the CSJ suggests that the BCO is a pre-Salinic structure. While the
contact between the CSJ and PHG below the CBP has been modeled as a sharp discontinuity, whether or
not this rapresents an unconformity or is fault related, remains unclear.

Finally, the Baie Verte Lineament was assessed. This is a complex, near vertical, to slightly
westward dipping zone. East dipping structures are present within the Flatwater Pond Group at depth
which may be related to the original obduction surface. The westward dipping structures present
throughout the magnetic inversions provide additional support that the Advocate Complex represents a
down dropped ultramafic block. And lastly The Cape Brule Porphyry is likely no deeper than 1-2 Km near
the BVL.

Several exploration targets have been identified and a generalized 3D geologic frame work has
been established. The results of this study show that while our understanding of the Baie Verte Peninsula is
geophysically supported in a regional sense, many imperfections to this model remain on a finer scale.
Further investigations with geologic and geophysical methods working in unison will be the only way in
which an acceptable framework of this complex area may be achieved.
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Chapter Six - Conclusions

B. Spicer

MAGGIC, School of Geography & Earth Sciences, McMaster University, 1280 Main Street W., Hamilton, ON
L8S 4K1. Canada

From the beginning of its implementation, geophysical modeling has established itself as an
invaluable tool providing vital information in areas where traditional means of exploration cannot or have
not reached. With continued technological advances coupled by a global trend towards improved survey
coverage and resolution, the practicality and necessity for geophysical modeling increases. An
understanding of the target is essential to the modeling process. All models have some predefined
expectations, or goal. The quality and reliability of a geophysical model can be improved through the
inclusion of constraints that ensure some meaningful bounds are imposed on the resulting output models.
Integraticn of priori information such as physical rock properties, boreholes, geologic maps and sections,
ensures a model satisfies preexisting knowledge and maintains geologic integrity. The case studies
presented in this thesis have demonstrated the use of both forward and inverse modeling techniques in
building a 3D geologic framework of the Baie Verte Peninsula in Newfoundiand. Geologic structure,
tecnonstratigraphic relationships, depth to basement were revealed through the modeling of potential
fields.

Chapter Summary

Chapter one was a brief introduction to the overall concept of this thesis and the study site which it
concerns. The Baie Verte Peninsula is an area of socioeconomic and academic importance, hosting mines of
volcanogenic massive sulphides, asbestos, and epithermal gold while also having played a pivotal role in the
development of the plate tectonic pardigm. Geophysical data sources modeled in this study were
established and the concept of a non-unique potential filed was presented. Both approaches to modeling,
forward znd inverse were introduced and the importance of geologic constraint alongside a physical rock
property database was stressed.

The Betts Cove area of the Baie Verte Peninsula is presented in Chapter 2. In this section the
subsurface morphology of the Betts Cove Ophiolite (BCO) and the syn-obduction Snooks Arm volcano-
sedimentary cover series were investigated through modeling high resolution magnetics. The BCO was
deemed a prospective candidate for magnetic modeling as this feature, comprised of serpentinites
ultramafic cumulates, sheeted dykes, gabbroic intrusions and several basaltic lithologies, possesses a
characteristically strong magnetic signature. While incomplete airborne coverage prevented previous
studies from performing a full geophysical investigation, a marine magnetic survey was implemented to
provide an additional 10 Km of information. Through micro-leveling, upward continuation and the
subsequent extraction of a residual signal, the surficial geophysical signature of the BCO was revealed.
From physical rock property analysis it has been determined that signals observed at the Betts Cove area
arise mainly through induced magnetization. A late Ordovician remenance magnetization direction present
within some ophiolitic horizons is likely the result of thermal overprinting brought about during obduction
above the Laurentian continental margin. 2D magnetic forward modeling constrained by petrophysical and
geologic measurements reveals that the BCO and its cover comprise a doubly plunging syncline. The core to
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the syncline is located within the pillow basalts of the Round Harbour Formation and fold nose closures
bound the BCO at its northern and southernmost extremities. This study has also revealed the presence of
significant faulting throughout the BCO. To satisfy the magnetics the onshore perimeter of the BCO,
interpretad as the original obduction surface, has been overturned by southward directed thrust. This
implies ophiolites north of the north of this thrust may exist near surface under cover of the Silurian Cape
Brule Porphyry. With all ore deposits on the BVP associated with ophiolites, and the proximity of the fault
to the historic Betts Cove and Tilt Cove ore deposits, a prospective exploration target has been identified. A
significant amplitude decrease combined with a large wavelength increase of the magnetic profile is
observed to the south. Maintaining sampled rock properties, an increased depth to source is required. Thus
offshore, the BCO must be affected by some late stage extensional faulting. These southward dipping faults
are listric at depth and when compared to documented northward dipping faults on the eastern margins of
Notre Dame Bay, combine to produce a carboniferous basin. The end result of this study is a 3D geologic
model of the BCO and its cover. Utilizing new information and technology a more thorough understanding
has been achieved of this type locality source for ophiolites on the BVP.

Chapter three of this thesis delivers an alternative approach to collecting density measurements
utilizing gamma radiation. The intent of this study was to produce a portable device capable of rapid
density measurements that could function in variable environments and operate on multiple borecore
calipers. This was achieved through minor modifications of a Berthold Technologies LB444 industrial gauge
intended for consumer goods. While the method intuitively seems quite straightforward this study touched
upon many underlying aspects governing gamma-gamma density estimates which need to be taken into
consideration. The foremost component controlling the absorption of gamma particles begins at the atomic
level with the Mass Attenuation Coefficient. Based on the ratio between atomic mass and number, this
value is quite common for many of the elements comprising most silicate based lithologies. However, when
working in a primarily mafic to ultramafic geological setting such as the BVP, absorption coefficient
inconsistencies can result in significant miscalculations in density. Although absorption coefficients have
been well determined of most elements for varying energies, relatively little information is available
concerning specific minerals let alone rocks as a whole. A calibration curve can be established in lieu of this,
however the medium used in constructing such a curve should be similar to the rocks to be studied. Density
standards crafted from metal alloys were ineffective in producing reliable curves for the rocks of the BVP.
This stemmed from the effect of dissimilar absorption coefficients. Using a one-to-one gamma density
versus standard specific gravity measurement technique, an empirical calculation was determined
providing a relationship between the two. After applying this correction, the density values provided by the
LB444 density gauge were within + 0.2 g/cm? of values from the SG method. Another factor which must be
regarded when implementing this technique relates to core diameter. It was determined that the range of
error reported within this study may be accounted for by core diameter variations on the mm scale. This
method of measurement rapidly provides density information, conducive of the large sampling populations
required of quality physical rock property databases. Combined with a magnetic susceptibility logging
system, down hole petrophysics can provide insight into lithologic distributions and alteration patterns
while at the same time collecting constraints required for geophysical inversion of magnetics and gravity
data. Although the potential for this system is high, current results fall short of an accuracy required for
inversion constraint. Future studies will entail a precise bore core diameter variations and rock-like density
standards before true potential is realized.

In the fourth chapter, 3D inversions of magnetics and gravity are performed implementing
University of British Columbia Geophysical Inversions Facility (UBC-GIF) code. This section demonstrates the
necessity for including geologic constraint within the mathematical realm of inversion. A detailed physical
rock property database was constructed from lithologies throughout the Rambler area. Integrating
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petrophysics, borehole logging, geologic maps and sections, magnetics, and gravity, a reference model of
known physical property values and distributions at the Rambler area was established. Performing
inversions while including a detailed reference model, restrictions are emplaced in order to limit model
outcomes and contest the effects of a non-unique potential field. Ore deposits mined on the Rambler
property are encountered along the upper contact of a local rhyolite body that is surrounded by mafic
volcanic rocks. In the absence of sufficient outcrop, the form of the rhyolite body has yet to been fully
interpreted and as such, the subsurface extent remains unclear. Physical rock properties collected show the
Rambler rhyolite to have a lower density than its surroundings. The structure of the Rambler rhyolite was
revealed upon the inversion of a high resolution gravity survey collected for this study constrained by the
reference model. Depicted as a body with density ranging from 2.71-2.75 g/cm®, the Rambler rhyolite dips
roughly 40 degrees near surface with the plunge apparently steepening with increased depth. Results
agree with known ore distributions and surficial geologic projections predicting the extent of the rhyolite.
While current ore is encountered at shallower depths along surface trends, this study suggests that deeper
drilling will be required than previously suspected to encounter ore down plunge. It is also possible to
derive geologic information on the Rambler property using magnetic inversions. The 3D extent of many
magnetic gabbro intrusives was been established, outlining the presence of a large scale fold. These bodies
are upright to steeply inclined and posses a high magnetic susceptibility. This axis to this fold is correlatable
to regional D; cross-folding. This fold axis may also represent a favorable exploration target. While
including geologic constraint within an inversion has been an important recognition within the geophysical
community, it is rarely performed in practice. Although UBC-GIF inversions include a procedure that
permits the introduction of pre-inversion geological constraints, the means to construct such models are
not readily available. A customized and multi-software approach was implemented in order to produce a
reference model. The procedure used for building the inversion reference model is outlined appendix A.
While initial implementation may be time consuming, this study demonstrates that subsurface distributions
can be more precisely predicted when including all available sources of information within the inversion
process.

Chapter five is an investigation which aims to provide regional scale insight into the geologic
framework of the Baie Verte Peninsula. Similar to the local scale case studies, this work focuses on
geophysical modeling supplemented with geologic constraint. While chapters two and four make use of
only one of either two modeling techniques, this study combines aspects of each. The objective of this
study was to address regional issues include the Baie Verte Lineament; the Cape St John fold and thrust
belt, and the Cape Brule problem. 2D forward models are constructed across the Peninsula, constrained
based on geologic mapping and a regional physical rock property database. A gravitational and magnetic
model response is recorded simultaneously to ensure increased continuity throughout models. The profiles
all intersect at least one other section in order reinforce continuities. Veracity of the 2D to 3D compilation
can be assessed by performing full 3D magnetic inversions, specifically this has served confirm the presence
of structural dip directions and some information regarding the depth to the tops of sources. Information
provided within these models proves that the peninsula is underlain by a uniformly distributed zone of high
density material. On a regional scale this implies that Ordovician Ophioclites may have been emplaced along
a single sheet, however it remains possible and more geologically probable, that this is in fact some
imbricate thrust stack. The Basement of the BVP remains an eastward dipping surface however has a
morphology mirroring many surface trends and in some instances is affected by significant fauiting. Below
the Cape Brule Porphyry the Snooks Arm and Pacquet harbor groups transition, however they are in fact
one in the same. The nature of this contact with the overlying Cape St. John Group is sharp, possibly fault
controlled or some unconformity. The CSIG was also shown to comprise a zone of doubly plunging fold
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affected by late state fold thrust propagation. Where structural trends diverge along the ‘Baie Verte
Flexure’ a fold or some fault zone related uplift has been presented. Elements from previous models of the
Baie Verte Line were assessed, proving that unconstrained magnetic inversions can still provide relevant
information.

Limitations and Modeling Considerations

Gieophysical modeling of magnetics and gravity can provide practical insight into geologic problems
and aid in predicting subsurface geology. This thesis demonstrates the ability of forward and inverse
modeling techniques to vector towards potential exploration targets, providing an outline of stratigraphic
and geological distributions at depth. Including geologic constraint within the modeling procedure guides
the outcome of a non-unique phenomenon within reasonable bounds and strengthens the overall
reliability of a model. While geophysical models can aid in depth estimation and the 3D visualization of
geologic phenomena, ignoring or failing to recognize the inherent limitations associated this technique will
result in serious problems.

Physical Rock Property Values

Ceveloping physical rock property constraints is essential to the geophysical modeling process.
Without knowing the values of properties for units modeling processes operates blindly. In the absence of
physical rock property values there is no way to assess whether or not the outcome is an acceptable
interpretation, or some random combination of values and orientations which satisfy the non-unique
potential field. In forward models this is readily apparent as a modeler observes their ability to fit a signal
while adhering to accepted geologic principles. When limited to a finite range of physical property values
the modeler begins to recognize the geophysical characteristics of each unit and understands the
implications of their distribution. Anomalies are no longer considered the consequence simply of physical
property values and distributions, but as the function of some geologic mechanism required to achieve
those necessary conditions. In areas where these mechanisms are supported, the geophysical model
provides additional support. Where the geologic mechanism to produce a known geophysical signal cannot
be explained by current understandings, a modeler must produce their own explanation while adhering to
geologic principles. In this situation valuable new insight is provided which may or may not hold truth;
however it remains that some problem exists within the original understanding which was identified
through the modeling process. In either case supporting or disputing geologic understanding can only be
achieved when the known values of the geology are honored.

Tne construction of a physical rock property database to be used for model constraint is limited by
several factors. One of the most prevalent issues relates to sampling. The greater the number of
observations, the better a population is represented. Having many samples of a lithology allows for greater
determination of the average physical properties. It may however remain impossible to adequately
reproduce a geophysical response while remaining faithful to the average recorded property of a rock. Yet
population variances permissive within the modeling procedure are better understood when sampling is
high as well. These known deviations from an average can be appropriately exploited to better fit a signal.
Unfortunately it is often the case that sample populations will be low as the collection procedure can be
time consuming and not all lithologies will be easily accessible. This is especially true over a large area
where many lithologies are recognized. In these instances it may be that no data exists for a specific rock or
physical properties arise from a single sample. With situations such as this, physical property values for
constraint: become a guideline rather than rule. Knowing that the physical properties of rocks vary in space,
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it may be unwise to maintain unit specific values from a sampling site far from the modeling area. While
physical properties summarized of a lithology are usually based on a sample population which occurs at or
near the surface, models are expected to provide insight into much greater depths. It is quite probable that
the properties at surface will be in some way altered to that of the rock as a whole as exposure to the
elements can degrade magnetic susceptibility and density values. This is another physical rock property
issue that should be taken into consideration.

The method of data collection will also cause limitations. Measurements utilizing the specific
gravity approach to density estimates are taken as a ratio of dry to wet mass after samples are submersed
in some liquid then multiplied by the density of that liquid. Although the value of 1.0 is often the used,
rarely is distilled water used in the field. Particulates from rock surfaces will also accumulate in the water
column, altering its density further. The level of accuracy is also limited by the precision of the scale.
Measurements derived by radiation methods can be plagued by problems relating to mass attenuation
coefficients, variable source-sensor distances and calibration errors. Magnetic susceptibility readings can
vary similarly with calibration problems and issues originating from poor sample contact. These devices also
have model specific precisions. Databases complied from values obtained with multiple susceptibility
devices may encounter incongruities caused by factors such as different frequency of ac current in
sampling coil, and different coil size.

Forward Models

2D forward models are a convenient form of modeling as they are simple and more straightforward
that their inverse counterparts. While controlled by a modeler ideally relating everything to geology, no
post process interpretations or speculations are required. That is not to say forward models are lacking of
any ambiguities, yet each component has been premeditatedly input by the modeler themselves. There are
still however some issues with this method that should be considered. Forward modeling along 2D profiles
is limited by a requirement to maintain a single physical property within any model unit. Unlike the
continuous variations observed in the natural world the recorded response is that of a uniform object. 2D
modeling may be performed on data along a flightline where the signal is primarily acquired in the direction
of the section. However, as was the case for many of the models within this thesis, 2D profiles are often
extracted from a grid. This allows a greater degree of freedom to the modeling process as sections can be
modeled along any direction. However this can cause problems as most of the data along a section
extracted from a grid has been interpolated based on trends within the original profile. While the effects
of this are minimal in most cases, there are certainly model discrepancies that may arise based on this
alone. As this data is based on mathematical algorithm instead of true geology, no real solutions may be
achieved. Any issues from the processing stage such as leveling error, non-geologic noise or gridding
related discrepancies will be carried into modeled profiles. Another major limitation associated with
forward modeling comes about through the attempt to reproduce a signal measured of a three
dimensional surface while working in 2D. While some modeling software packages will boast 2.5D or 2.75D
capability, with model response including an infinitely extending slab along the non-visible dimension, 2D
models cannot account for the full 3D impact of signal input. As the distance from the sensor to sampling
surface increases, signal is augmented by sources adjacent to the point directly below the sensor. Any data
collected through an airborne method suffer from this problem to some degree. This implies that a 2D
forward model of airborne data may never be achieved which correctly explains a geophysical signal. The
sampling rate along a profile emplaces strict limitations as well. Oversampling a profile to a point where
responses are being calculated where no observed data exists will result in a modeled profile full of spikes.
In contrast when profiles are undersampled certain details of a geophysical signal produced by small
geologic features are not included within the computed response and result in an overly smooth model.
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Inverse Models

The largest limitation within inverse modeling is the difficulty in implementing geologic constraint.
With the intricacies involved in this mathematical procedure most inversion algorithms provide little, or no,
room for such information. The model objective function is the cornerstone of UBC-GIF inversions and an
optimization routine which includes a term dictated by a reference model of physical rock properties.
Minimizing the difference between a mathematically probable solution and known geophysical values, the
model objective function seeks to explain a geophysical signal within the appropriate geologic context.
Unfortunztely, even with an algorithm capable of including such constraints, developing a reference model
with physical property distributions and values using the same format as the output inversion is difficult.
No single graphical user interface based software is available to perform this task in an effective manner.
While a computer scientist familiar with more complex code-based software such as Matlab may be able to
develop their own model building routines, the average geoscientist will be left to perform their inversions
unconstrained. The UBC-GIF routines do include depth weighting factors to combat the occurrence of a thin
plate of highly variable physical properties at surface as well as the ability to limit the overall range of
possible values. While these unconstrained inversions can incorporater some information such as
geological strike directions and relative property contrasts, the truth of the matter will be hidden within a
‘smoothed blob’ model outcome. Producing a reference model for input is still possible though. To do this a
suite of geophysical software packages including Modelvision and Profile Analyst must be in place.
Obtaining such resources and developing an effective methodology will initially be costly and time
consuming. Inversions are also affected by the same sampling and post-processing issues as forward
modeling. 3D inverse models are inverted within a mesh of user defined dimensions; this mesh is a
discretization of an infinitely continuous medium. Knowing this the appropriate resolution may never be
reached to explain some geologically derived signal. Finally, while voxel sizes increase with depth to
account for deep seeded input and avoid surface plate effects, a decrease in subsurface resolution also
occurs.

Geology

The geology of an area can impose its own limitations within the modeling process. In the case of
the Baie Verte Peninsula, rocks originated from a dominantly ocean-floor spreading center and volcanic
island arc regime comprised of igneous and volcano-sedimentary lithologies. As encountered in previous
studies, the rocks of the BVP may appear the same in outcrop yet geochemically or geophysically can be
exceedingly dissimilar. This arises as a consequence of a complex tectonic history resulting in diverse melt
compositions, multiple stages of intrusion as well as comprehensive history of faulting and multi-staged
reactivations. Combining these difficulties to the already discontinuous nature of igneous geology in
general, makes developing a geophysical model representative of known lithologies difficult.
Understanding this, it should be realized that the geologic maps these models are based on may not
necessarily correct. As maps are in themselves only models, interpretations made by a geologist across
outcrop observation points, surface constraints based on geologic maps can be inherently flawed.
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Concluding Statement

Geophysical models present subsurface information in a non-invasive and inexpensive manner. The
insight gained from this procedure can be of insurmountable value within the decision making process of
geologically based financial or social decisions. While geologic distributions obtained from the geophysical
modeling process should be evaluated and thoroughly considered, this method is not intended to replace
traditional exploration techniques entirely. In addition to a tool used for testing or confirming existing
geologic hypotheses, geophysical models often breed additional tribulations which require some furthered
form of address. Prospective areas and potential targets can be identified through geophysical modeling
methods however no true answers are provided until some material evidence is acquired. A responsible
exploration campaign cannot rely solely on any one technique. The greatest degree of success will be
obtained ‘where multiple methods establish a common target. Through integrating an understanding of
geophysics and geology a clear representation of subsurface distributions can be achieved in turn this
information can be of great use, vectoring towards the most prospective sites for exploration.
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Appendix:

Building Reference Models for Geologic Constraint in UBC-GIF Mag3D and
Grav3D inversions

Introduction

While inverse theory and its application for revealing the extent of subsurface physical properties is
nothing new, the idea of including geologic constraint to these literally endless solution arrays is still in its
infancy. Geophysicist’s agree that while dealing with a non-unique phenomenon such as a potential filed,
some form of constraint needs to be in place in order to establish a degree of control inside the inversion.
For geology this means this inclusion of known or expected geologic trends and distributions. And while the
proposal of including such information seems rather obvious, the implementation of such is another thing.
Many stuclies stating the requirement of geologic constraint within their inverse models go no further than
that. Howaver recognizing a need for constraint is not the same as enforcing it.

The UBC-GIF (University of British Columbia Geophysical Inversion Facility) is the leading advocate
for geologically constrained 3D potential field inversions. Their 3D gravity, magnetics and IP inversion codes
are currently available for academic purposes, and have been granted to several contributing industry
constituents. While results presented by the UBC-GIF implement code within the MATLAB setting where
more advanced parameters and inversion restrictions may be employed, a more user friendly graphic user
interface (GUI) with a slightly limited range of functions is provided to others. Specifically, the code running
on the GUI does not allow the smallness term to differentiate for individual cells. In examples presented in
the Williarns (2008) Thesis, different levels of data uncertainly were stated depending on the source. The
importance of data uncertainty has been explained in terms of data sourcing in regards to 3D inversions by
the UBC-GIF (Li and Oldenburg 1996, 1998; Williams 2008). For example, one may wish to assign a large
smallness factor to drillhole data when there is high confidence that reliable data is outlining the physical
property cf at a specific point in space. Conversely, lower smallness values may be more appropriate for
physical properties within the same reference model derived from a geologic map as these are an
interpretation between outcrops and physical properties of a single unit may vary in space. At the moment
the GUI for 3D UBG-GIF inversions allows input of only one smallness value to be assigned to the entire
model. A cuick way to offset this problem though would be to assign looser bounds on our units of less
confidence.

The UBC-GIF inversions require a reference model of known physical property distributions to be
input as geologic constraint. This reference is essentially a 3D geologic model which will be discretized into
voxels contained within the user defined mesh. Each component to the model is assigned a value
describing the physical property of interest. For Magnetics this is susceptibility while for gravity or IP this
would imply density and resistivity respectively. The UBC-GIF is in the development stages of a model
building scftware for future installments of the GUI, however at the moment they do not provide any
software to implement geologic constraint for their 3D inversions. Currently there are several software
packages which allow for the import of UBC-GIF inversion results. Regrettably though, few have included an
export function using the same format as UBC-GIF. Geosoft 3D gridding can produce voxels models which
may be loaded and viewed within the UBC-GIF Meshtools 3D model visualizer software. Inclusion of these
models as a reference model within the GUI though causes an immediate crash with an error message
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reporting a corrupt reference model file. Creating a reference model to use within the UBC-GIF GUI is still
possible though. The construction of such is best achieved using a combination of Encom Geophysics
software packages, Profile Analyst (PA) and Modelvision. PA is used to grid borehole data for inversions
while Modelvision quickly converts geologic maps into simple 3D models with assigned physical properties.
Exporting to the proper UBC format is also performed in Modelvision. A detailed step by step guide to
achieving this is outlined as follows:
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Step 1: physical rock property database construction (performed in excel)

Before the model is built a master physical property database pertaining to all encountered geologic
units should be organized. The larger the database with the greater the measurement number the better.
This data base will contain all values used to define the reference model used within the inversion.

1. Sort the database according to geologic unit. You should perform a statistical analysis on each unit
in order to gain insight into the overall picture of its physical properties. This is important as you
may find that you have abundant geologic information in the form of drillhole logs and map/point
data of lithology locations, but may find your petrophysical data stems from a few drill holes or
scattered rock samples.

2. In this case above assign the average property value for each unit within your reference model,
using the average +/- the standard deviation of the sample population as your upper and lower
bounds value for each unit. Our lower bound should not be negative. The bounds are used within
the inversion to coincide with the misfit factor. An appropriate model is achieved when we find a
balance between the data misfit factor and the model objective function (see Williams, 2008).

3. If you prefer to use only use measurements you have taken yourself, use the true values measured
for each location in space. This may be preferable if one wishes to remain as faithful to the true
data as possible, however it may be that such limited information proves ineffective in imposing
any real constrain within the inversion.

4. |f a geologic map is our only constraint we simply assign the average property value into our map
derived reference model. If we have bore-hole information we should assign this value to each

unit.

| i B C D E B H
HoleID From To Litho K k_avg lower upper
-81-1 924.6 932.8 Fp 6.5 0.00065 0.0001  0.0012
c-81-1 874.5 876.2 Fp 2.75 0.000275 0 0.000825
C-81-1 797.4 832.6 Fvc 2.75 0.000275 0 0.000825
c-81-1 872.4 874.5 Bm 0.5 0.00005 0 0.00064

5. Inaddition to this information, we will require collars and surveys files if we wish to import our
drillhole information for 3D gridding. These are files with information regarding the locations and
attitude of each drillhole.
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Step 2: Using 3D gridding to produce drillhole Voxel Models (performed in PA)

1

11.

In order to use out information in a reference model we must grid our physical properties in 3D
space. This is achieved in PA using the voxel toolkit. But first we must import our drillhole data. Go
to file/open/downhole/import ASCIl downhole. We import all of our collars and survey data here
and also our organized physical property data base as from-to type data. It is important we have
the same wording for hole ID in every file.

Now that we have imported our drillhole data we have a master spreadsheet in one window and a
second window with the drill holes displayed as tubes. We can select or deselect which holes we
wish to remain active by double clicking the drillhole icon in the workspace window.

To grid in 3D we click voxels/voxeltoolkit/gridding. From here we choose our method of gridding.
Use the continuously variable technique and inverse distance weighting as the method. Kriging is
an option as well but is time consuming and does not seem to produce as favorable results as the
irverse distance technique. Click next.

From here make sure the x, y, z field for your driliholes are in the property drop down list, and
select the field you wish to grid in the data feilds box. Whichever field we choose will be repeated
two more times gridding the lower and upper bounds as well. Click next.

In gridding conditioning we can apply a spatial clip on our data if we wish. Click next.

Gridding Size is where we define the cells of our grid. The cells are defined in the column, row, and
pilane spaces. After you choose our dimensions, click auto/fit to extents.

Gridding Search is where we define how we will grid the data. The default search will produce a
series of square voxels in x, y, z space. Refer to the PA manual for details on each option here. If we
wish to apply a buffer and extent our data we can choose the anisotropic search. This is a
preferable method where we have geologic strike and dip information and wish to increase the
influence of our 3D grids in the subsurface. Parameters selected at this point can be saved and
lcaded in future gridding. It is key that identical parameters be used when making the other two
grids {(bounds) as these must occupy the same space.

Gridding method is where we decide how the influence of our data will fall off in 3D space.
Exponential is quite effective in limiting the interference effect of closely neighboring boreholes.
Repeat steps 3-8 for the upper and lower bounds.

. Now we must export our grids so we can include them with into the surface data yet to be

constructed in Modelvison. Click voxels/voxeltoolkit/grid management.

Select the 3D grid you wish to export and click on the === icon. Choose the .tkm format. Note: so
we can import these voxels to Modelvision. When you do this the file is in the correct format
however does not get assigned the .tkm extension. Simply open the folder containing the file, click
on the file as you would to rename it and add .tkm to the end of the file yourself. You will be
prompted by windows asking whether you want to do this, click yes.
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Step 3: Reference Model Building (in Modelvision)

Before building your reference model, make sure you have the required licensing to export to the UBC
format. Click model/export/export UBC mesh model. If the last option is not available, contact Encom to
order the appropriate licensing.

1.

First we must set our modeling parameters. Click file/project properties. UBC inversions assume
magnetics are submitted in Sl units and gravity in mgal. If working with gravity only there is no
need to provide an IGRF, however this is vital in a magnetic inversion as our exported observations
file requires magnetic field strength, declination and inclination.

Now we must import our data. Click file/import and then choose corresponding to the data we
wish to work with. If we wish to work with grids then we must create synthetic lines as the
magnetics observation file for UBC is sampled from survey lines. Geologic maps can most easily be
imported as .ers files while Geosoft .grd files are fine for our geophysical data.

To view our input data click view if we want 2D click map for 3D click perspective. In map view right
c.ick and choose configuration to here we can select what we display. The same can be done in the
perspective view.

To create synthetic lines click utility/synthetic lines. Here we can define the area we wish to sample
from our grid along lines of a specific azimuth and spacing. |

As all files imported have the same naming formatting, we would like to rename our files to remain
organized. Click utility/data maintenance and then select the type of data we wish to change the
name of. This way we can keep track of which lines are magnetics and which are gravity, or we can
differentiate between our topography or magnetic grids.

Now we can build our surface components to our reference model based on the geologic map. We
have two options at this point; we can choose to perform an inversion on a flat surface and using

shapes that are completely flat. Click the create body icon gand choose plunging prism. Here we
can digitize the geologic map, defining petrophysical and spatial properties in accordance to our
physical property database. This is a favorable approach when we have relatively little topography.
We should not extend our bodies more than a few hundred meters into the subsurface. Our
subsurface constrains comes in the form of out gridded boreholes. If we wish to include
topography we must create our bodies in another manor.

If including topography click model/body operations/3D model generator. Here we can select our
topography grid as the elevation of the top surface. Click draw boundary to digitize our geologic
map as described above. These bodies are no different however they have a topography included
kased on a tinning algorithm. Note: When including topography in this manor make an
interpolation between data points across a triangular surface. That surface will be down sampled
into cubes for inversion. Problems can arise when we down sample, as any point included in the
inversion lying above the specified location as described by the original topography grid will result
in an inversion crash. It will not work if our voxels disagree with our raw data. This implies that in
areas of significant topography we require very fine voxel discretizations in order to avoid this. The
size of the voxels however is limited by our sampling though. In instances where we have
significant topography we require dense sample in order to avoid aliasing.

Note: Introducing a dip to one body will cause it to intersect its neighbor. In this instance the
physical property assigned to each is added in the area of intersection. We wither have to keep the
same dip for every unit or can open our reference model and edit the raw data with a text editor or
software like mat lab. However this is difficult and should only be performed if absolutely
riecessary.
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9. We can now import the voxel models of our boreholes for subsurface constraint. Click
model/import/.tkm file. Select our files created from PA.
10. Repeat these steps importing the upper and lower bounds files. Adjust our surface constraints to

the upper and lower bounds respectfully. Upon completion we will create three different models of
upper, lower and average property values.
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Step 4: Mesh Design (within Modelvison)

UBC inversions are performed within a mesh discretizing a three dimensional space into a series of
voxels. The size of the cells chosen is based on a variety of factors, the obvious relating to sampling rates.
The voxels should contain at least one data point each, it is imprudent to expect a solution where there is
no data. In addition to this we must note the scale of problem to be addressed. Regional scaled geologic
features can be inverted within larger voxels whereas localized phenomenon requires smaller voxels for a
higher resolution output. A final factor to consider is computational time. Inversions requiring a large
number of solutions will also take much longer to compete. A balance should be achieved between the two
to optimize the inversion procedure.

1. Click model/export/export UBC Meshmodel. This menu will export our reference model within
voxels of a user defined dimension.

2. The mesh tab is where we defined our mesh in space. For example X1 represents the easternmost
while Y1 represents the southernmost extends of our mesh. The core is how many units (defined
based on original project properties, if UTM then is meters) the mesh is and the cells define how
many voxels are contained within that distance. The same can be said for Z however there is a
multiplication factor we can apply. 1.0 implies no change, but if for instance 1.25, the cells increase
by one quarter their previous extent with each successive voxel. The result of this being larger cells
at the bottom of our model. This is performed in order to maintain an equal influence in our
inversions of deeper voxels in comparison to those near surface, combating signal attenuation and
the dreaded ‘thin plate’ paradox.

3. We can select the pad box if we wish to use padding. This is a secondary mesh along the border of
our original. This mesh should not be more than a few voxels in x, y space and does not require any
z component necessarily. The purpose of padding is to avoid edge effects within our primary mesh,
the area of concern,

4. Clicking the data tab we can choose which data to include. We must select the gravity data for our
gravity model and magnetics for magnetic modeling. Bounds files are currently only available for
gravity data. However we can construct our own later.

5. Before we click create we need to have folders ready for where the data is to be stored. As soon as
we click create files will be made regardless of whether we click cancel. Also, file naming formats
are invariable so we must also have a well organized system of folders established.

6. The dimensions of the mesh should be identical in our upper, lower and average property
reference models.
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Step 5: Creating Bounds Files

While model vision will produce a bounds file for our gravity data, it currently does not for magnetics.
Implementing a text editor we can solve this problem quite simply. Using the two files model.sus in our
upper and lower bounds folders we can make one file we will call bounds.sus. This file should be stored in
the same folder as our final reference model of the average physical properties. The model.sus files are
formatted as a single column of values representing the physical property of one voxel. The location of that
voxel is re'ated to the mesh.dat file defining the mesh. The bounds.sus files are of the same formatting
however there are two columns, the first being our lower and the second our upper bounds. As long as the
mesh is idantical in all three models these numbers will all correspond to the same space.

1. Open each file in a text editor of choice. Copy and paste the values from the upper bounds file into
the lower bounds. They can be tab or space delaminated but they must be in side by side columns.
In the text pad editing software this means we must work in block select mode.

2. Scroll to the bottom of the file (it will be quite large) to make sure both columns end at the same
row. If not we either have used different meshes in creating these files, or we did not copy the
entire file.

3. When sure our bounds have a lower and upper value for each row save as bounds.sus in the folder
containing the model.sus of our average physical property values.
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Step 6: Defining Data Uncertainty (UBC-GIF Data Viewer)

The inversion process provides a physical property distribution model presumably describing

geologic elements that produces a geophysical signature matching an input observed signal. Unfortunately,
an unavoidable characteristic to any geophysical dataset is the presence of noise. This noise may be caused
by a variety of factors ranging from device or human oriented error, environmental effects. Performing
data reduction one wishes to remove these noise effects, however no matter the success, some degree
signal within a dataset should be considered as a result from non-geologic input. Knowing this it then
becomes impossible for any inversion to accurately produce a physical property distribution that precisely
describes the observed data. Defining data uncertainly however, we can control the degree to which an
inversion s required to match the observed geophysical signal and as such affirm the presence of non-
geologic signal. This is achieved by defining a standard deviation at each observation point within our
dataset. This is used in the calculation of the matrix data misfit factor, ¢4 (Williams, 2008). An appropriate
inversion solution will be achieved when we produce a balance between our data misfit factor, ¢4 and the
model objective function, ¢,, (Williams, 2008).

1.

Open your observation file in data viewer. For gravity this is your obs.grv while your magnetics file
will be named obs.mag. the current Modelvision installation (8.0) does not write an extension in
our observation file however data viewer can still read it.

Data viewer displays the data in a crude grid. Below the title, the number of data points and
magnetic inclination/declination for the study site are stated. These should match your Modelvision
settings. Large amounts of data points along synthetic lines created from a grid are unnecessary if
they are not required by our voxel sizes. In this case we can down-sample the data in order to
speed the inversion process. Click edit/downsample data. You may then choose what factor to
divide your data by.

Nixt we add noise. Click view/errors. This displays a second grid with our error values used in the
calculation of the data misfit factor. By default it will be blank unless we chose a data column from
our Modelvision database to assign as noise.

UBC-GIF inversions assume a Gaussian noise with a normalized distribution. This noise is taken as
the standard deviation plus an offset value. Click edit/assign standard deviation. Although there is
no perfect recipe, a generalized rule of thumb as outlined by Williams (2008) is to use 5% of our
data range for magnetics while gravity can vary from 1% to 2% depending on the accuracy of
survey. Factors to consider here are the age of the gravity survey, the measuring device accuracy.
We also must provide a minimum offset value which can be quite low.

Save the dataset with a new name so you can recognize it is the edited version.
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Step 7: Performing inversions using the UBC-GIF Graphic User Interface (GUI)

Inversions are carried out using the GUI. Before these can be used however we must have the

software installed with the provided device specific (check raw file to make sure the Hardware 1D matches
your computer’s) license file in the same folder as our executable files. For an in-depth explanation and
background information to the components of the GUI refer to the UBC-GIF 3D inversions workflow:
http://www.eos.ubc.ca/ubcgif/iag/workflow/3D-mag/index.htm. While most components to the GUl are

self-explanatory one important aspect to note is that output files, as in the reference model construction,
are non-unique. Care should be taken to keep the results well organized in appropriately named folders.

1.

To check the Hardware ID of your computer click start/run then type cmd to open the command
window. Type ipconfig/all to find your hardware ID for your computer, use the license file matching
this number.

The observation file is the only required data to perform an inversion. If using only this file we
perform an ‘unconstrained’ inversion. Selecting the reference and bounds files, we implement our
geologic constraint. When performing additional inversions where we change the parameters only
slightly we may wish to select previous inversion solutions as our initial model. This speeds the
process, however unless we are inverting across a very large area, it is unnecessary.

For depth weighting we will leave all default parameters. This describes how our source body signal
dzclines with distance. For magnetics this is 3 and gravity it is 2.

The two most important parameters to consider are the mode and the alpha/length scales. The
mode function determines how the tradeoff parameters between the misfit factor and the model
objective function are set. In the chi fact mode a tradeoff is achieved using a line search such that a
target value, ¢, of data misfit is achieved. Here ¢4 = chi fact X N, where N is the number of data
points. This is a common option if errors on data are assumed to be Gaussian and un-correlated.
The gvc mode produces a computer calculated tradeoff parameter which implements cross
validation analysis on the inversion without positivity. This is computing intensive however often
provides favorable initial results.

The alpha/length scales define our model objective function, ¢,,. We can define the s,x (e),y (n),
and z values or make use the defaults. Conversly, we may wish to use the Length Scales. These
implement the same terms in a slightly different manner. Here L = (A, o/ A)*. There are some
generalized rules of thumb when using these. L. ,, should be less than the total x, y or z extent
respectively of the mesh and greater than the extent of a single cell with the mesh.

After we have all settigns in place we must save them before we can run our inversion. Afterwards

the E‘ icon is active. Click this to begin the inversion.

Lipon completion we may open the results in either UBC-GIF meshtools 3D or PA as a voxel model.
Use cuttoffs to isolate for specific features or interest and slicing to view whole results at specific
areas. While extreme low/high values are an indication that a regional signal remains within the
data set, changing the color sceheme max/min is a quick way to isolate for the proeprty value
range of interest as well.

To test our results in comparison to the original data a forward model of the inversion outcome is
ressesary. Within the meshtools 3D software click forward model, choose the type of data as either
rnagnetics or gravity, then provide the locations of the observations to be forward modelled. This
will require selecing the file with extentsion ./oc created by modelvision at the time of reference
rnodel building. Compare the results of the forward model grid to that of the observed grid. If
significant deviations occur an appropriate balance between ¢4 and ¢, was not achieved. Revisit
the mode selection portion or re-define a tighter SD for the data error.
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9.

Finally the model should be compared against all know geoogic information. Does the model fit
geologic maps or sections? If not is the result still acceptable? What is the level of confidence in our
priori information? Addressing such issues as these while updating our physical proerty data bases
and inversion models as new informaiton becomes availible is critical to achieve optimum results
while using UBC-GIF geologically constraiend 3D inversions.
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