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Abstract

Gold at the Toéyoko prospect (P17 and P17 South), south of the Bomboré
deposit in Burkina Faso, is mainly hosted by silicified and deformed granit-
oids. To identify the factors controlling this mineralization, we combined 198
surface structural measurements, 2902 drill-core measurements from 43 dia-
mond drill holes (848 measurements with a valid S angle) and geochemical
analyses of 13 host-rock samples. At surface, the main foliation is subvertical
and trends NNE-SSW (strike/dip 015/82); at depth, it dips 58° east (dip direc-
tion/dip 091/58) and is cut by NNW-SSE shear zones (075/61) that host quartz
veins. At the scale of the permit, the foliation is fan-shaped. The angle between
the mean foliation and shear-zone planes suggests mainly sinistral strike-slip
movement (slip direction 355/17) during WNW-ESE shortening; because no
paired S-C fabrics or kinematic indicators were measured, this sense of shear
is provisional. The granitoids form two suites: a high-Sr/Y suite and a low-Al,
Zr-rich (165 - 236 ppm) tonalitic to trondhjemitic suite; these names are pro-
visional because alteration may have modified the major elements. Three of
the four gold-bearing granitoids (5.1 - 8.6 g/t Au) belong to the Zr-rich suite,
and all four are anomalous in As (>1000 ppm) and S (>0.4%). From this small,
selected sample set, we propose a preliminary model in which transpression
channeled fluids along the NNW-trending shear zones toward the contact be-
tween competent felsic intrusions and the surrounding metagabbros.
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Oriented Drill Core, Zr-Rich Granitoids

1. Introduction

The Baoulé-Mossi domain of the Man-Leo Rise is one of the major Paleoprotero-
zoic gold provinces [1] [2]. Its Birimian greenstone belts formed and were de-
formed during the Eburnean orogeny, between about 2.2 and 2.0 Ga [3]. Orogenic
gold deposits are localized by shear zones and lithological contrasts [4]-[6]. In
Burkina Faso, most large deposits lie along regional shear corridors such as the
Markoye shear zone [4] [7].

The Bomboré deposit, mined by Orezone Gold Corporation about 85 km east
of Ouagadougou, is a disseminated mineralization in strongly deformed green-
stones, with albite, calcite, tourmaline, biotite and pyrite alteration. It is associated
with a second-order structure of the Tiébélé-Dori-Markoye fault system [8]. Fur-
ther south, at the Toéyoko prospect (P17 and P17 South showings), gold occurs
mainly in silicified and deformed granitoids [8], but the factors that controlled its
deposition have not been established. This paper sets out to identify them.

We first reconstructed the three-dimensional geometry of the structures from
outcrop and oriented-core measurements and then worked out their kinematics.
We used host-rock chemistry to characterize the mineralized unit. In the Discus-

sion, we combine the two datasets into a genetic model to derive exploration criteria.

2. Geological Setting

2.1. The Baoulé-Mossi Domain

The Archean cores and the Paleoproterozoic Birimian terrains make up the West
African Craton. The Baoulé-Mossi domain, beneath most of Burkina Faso, con-
sists of volcano-sedimentary greenstone belts and large granitoid batholiths em-
placed between about 2.2 and 2.07 billion years ago [3]. The early- to syntectonic
tonalite-trondhjemite-granodiorite (TTG) series can be differentiated from the
later potassic granites [7]. The belts extend in a NNE-SSW to NE-SW direction
and are cut by regional shear zones that conveyed the mineralizing fluids [7] [9]
[10]. Eburnean deformation began with shortening, folding, and thrusting, then
progressed through a transcurrent stage to which most orogenic gold deposits are
linked [4] [5] [9] (Figure 1). Recent studies describe the orogen as an anastomos-
ing network of transpressional shear zones that accommodated distributed short-
ening and allowed the crust to move laterally and vertically. According to this in-
terpretation, the majority of the large shear zones are transfer structures and not
plate boundaries [6] [10]-[12].

2.2. Geology of the Bomboré District and the Toéyoko Prospect

The greenstone belt hosting the Bomboré deposit is 1 - 3 km wide and about 14
km long. Its strike swings from N040° in the north to N340° in the south around
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late granitoid intrusions [8] [13]. It consists of greenschist-facies, locally amphib-
olite-facies, metavolcanic, and metasedimentary rocks, first intruded by tholeiitic
gabbroic and ultramafic bodies and later by biotite granites, granodiorites, and
quartz diorites [13]. The Toéyoko prospect lies on its southern extension. Meta-
gabbros, metasedimentary rocks (arenites), and granodiorites crop out there,
bounded to the west and south by large barren biotite-granite plutons [8]. The
mineralized unit is a fine-grained, pre- to syntectonic microporphyritic granodi-
orite that also forms dykes and elongate intrusions elsewhere on the property [8].
We use “granodiorite” for this unit as it was mapped and logged; its major-ele-
ment chemistry plots mainly in the fields of tonalites and trondhjemites, a classi-
fication that alteration may have modified (Sections 4.1 and 5.2). The Toéyoko
exploration permit covers 63.41 km? (Figure 1).
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Figure 1. Location of the study area. (a) West Africa and position of Burkina Faso on the
Man-Leo Rise; (b) Burkina Faso: simplified geology (after [14]), main towns and position
of the Toéyoko prospect (Bomboré district); (c) Toéyoko permit (corners A-F; 63.41 km?):
simplified lithology and faults after Orezone Gold Corporation [8], surface structural
stations and collars of the 19 oriented-core diamond drill holes. Red arrows link the position
of Burkina Faso (a) to map (b), and the Toéyoko prospect (b) to the permit map (c). UTM
coordinates, zone 30N, WGS 84; administrative boundaries from Natural Earth.

3. Materials and Methods
3.1. Structural Data Acquisition

We took surface measurements during lithostructural mapping on deformed
rocks with a planar fabric. Of the 198 measurements, 195 are usable: 132 foliation

strikes (127 with dip), 2 bedding measurements, and 61 quartz-vein strikes (6
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with dip). We measured strike with a Brunton-type compass and dip with a
clinometer, and located each station with a handheld GPS (Figure 2(a), Figure
2(b), Figure 2(e), Figure 2(f)). At depth, we logged the oriented core of 19 dia-
mond drill holes from the 2018 campaign (TYD0102 to TYDO0120) following
Orezone’s structural logging procedure. For each plane, the a angle was read with
a protractor ruler (Figure 2(g)) and the S angle with a core goniometer (Figure
2(h)), both from the reference line of the core (Figure 2(c) and Figure 2(d)). The
aangle can be read on any core, whereas the Sangle requires a core oriented with
the Reflex system, which provides the reference line. We made 1195 measure-
ments: 973 on foliation, 120 on quartz veins, 79 on shear zones and 23 on litho-
logical contacts. The 13 holes in the eastern sector were drilled west, and the 6 holes
in the western sector were drilled east. Their deviation, measured with a Reflex

EZ-Trac magnetic tool and processed with the Reflex S-Process software, is
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Figure 2. Structural data acquisition. (a, b) Subhorizontal outcrops of deformed granodiorite
(field name; pen and notebook for scale): the main foliation S (white lines; N-S to NNE
strike, mean plane 015/82) is cut at right angles by E-W fractures (Fr, red lines); in (b), the
quartz vein follows the S: plane; (¢, d) aand fangles measured on oriented core following
the Orezone procedure (side view and down-hole view; Bis measured clockwise from the
reference line); (e-h) measuring equipment (sketches): (e) Brunton-type compass with
clinometer, (f) handheld GPS, (g) protractor ruler (a), (h) core goniometer (J).
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less than 4° between collar and end of hole. Surface planes are given with the right-
hand rule, and coordinates are in UTM (WGS 84, zone 30N). We added two fur-
ther datasets: 958 measurements from 12 holes in the 2018 campaign north of this
sector (BBD0989-BBD1000), 352 with a valid B angle, and 749 measurements
from 12 holes in the 2013 campaign (TYD0004-TYDO0015), 166 with a valid fan-
gle. Table 1 gives the number of measurements in each dataset and shows how

many of them are used in the orientation analysis.

Table 1. Drill-core structural datasets: number of measurements, measurements with a
valid S, and measurements used to compute mean planes.

Valid  Used for mean Valid S not

Dataset Holes Measurements
B planes (Section 4.3) used
326: foliation 241,
TYDO0102-TYDO0120 4 (western
i 19 1195 330 shear zones 45,
(2018), Toéyoko . holes)
contacts 9, veins 31
351: foliation 271,
BBD0989-BBD1000 . 1 (other
12 958 352  shear zones 5, veins
(2018) 75 structure type)
141: foliation 71, 25 (other
TYDO0004-TYDO0015
(2013) 12 749 166 shear zones 19, structure
contacts 10, veins 41 types)
Total 43 2902 848 818 30

Measurements without a valid 8 (8 = 360°, the default entry value, or no Srecorded) are
865, 606 and 583 in the three datasets. In the 2013 holes, orientations were calculated by
Orezone from the planned hole orientations.

3.2. Conversion of Core Measurements and Statistical Treatment

The aangle is the acute angle between the core axis and the long axis of the ellipse
that the plane traces on the core. The B angle is read clockwise, looking down-
hole, from the reference line (bottom generatrix) of the core to the base of the
ellipse (Figure 2(c) and Figure 2(d)). We converted the two angles to dip direc-
tions using vector calculations and interpolated the hole orientation between suc-
cessive survey readings [15]. In the 2018 Toéyoko holes, 330 of the 1195 measure-
ments have a valid . We rejected 112 measurements with § = 360°, the default
entry value, and the other 753 have no usable B value. Of the 330 valid measure-
ments, 326 come from the 13 eastern holes of the Toéyoko sector and define the
mean planes given in Section 4.3; the remaining 4 come from the western holes
and are too few to define a mean plane. In the western holes, the foliation is there-
fore assessed from a angles only (Section 4.3). Mean planes and girdle axes ()
come from the eigenvectors of the orientation tensor of the poles [16]. We con-
toured pole density using the Kamb method [17] and calculated mean strikes by
doubling angles [18]. Rose diagrams are bidirectional and equal-area [19]. The
uncertainty of a mean plane is reported as the half-apex angle of the 95% confi-
dence cone (bootstrap, 1000 resamples). We processed the BBD holes the same
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way. Where collar and downhole survey data were missing, we used the orienta-

tions that Orezone calculated from the planned hole orientations.

3.3. Lithogeochemistry

From core sections about 1 meter long, taken below the weathered zone at down-
hole depths of 45 to 169 m, thirteen fresh-rock samples were obtained: four met-
agabbros (GB1 to GB4), eight granitoids (GR1 to GR8), and one arenite (AR1).
These samples were analyzed by SGS South Africa (Randfontein), a laboratory
accredited to ISO/IEC 17025 by SANAS (number T0265; report RFT24-65463).
The major elements were determined by X-ray fluorescence on beads fused with
borate (method GO_XRF72; detection limit 0.01%), the loss on ignition was meas-
ured by calcination (method G_PHY01V), and the total carbon and sulfur con-
tents were determined by combustion with infrared detection (method GE_CSAO06V;
detection limit 0.005%). For the trace elements, after digestion with four acids
(HCI, HNO;, HF, and HCIO4), the measurements were carried out by ICP-MS
(GE_IMS40Q12) and ICP-OES (GE_ICP40Q12). The detection limits are 1 ppm
for arsenic; 0.5 ppm for lead, copper and zirconium; 0.1 ppm for tungsten; 0.05
ppm for antimony, tellurium and molybdenum; 0.02 ppm for silver and hafnium;
and 0.01 ppm for bismuth. When the arsenic concentration exceeds 10,000 ppm,
it is not quantified. Since four-acid digestion does not completely dissolve refrac-
tory minerals such as zircon, the Zr and Hf values represent minimum concentra-
tions. The gold grades for the same intervals, as determined by fire assay at SGS,
are taken from the Orezone Gold Corporation drill-hole database and are availa-
ble for all 13 samples. The rock types were assigned on the basis of the TAS dia-
gram [20] [21] and the normative QAPF diagram [22] calculated from the CIPW
norm [23]; the rare earth elements have been normalized to the CI chondrite as
defined by Sun and McDonough [24]. The names of the rock types were checked
at the drill-hole level using 1589 portable X-ray fluorescence analyses carried out
by Orezone on fresh-rock core sections from the P17 South sector, with a Niton
XL3t analyzer in soil mode (Standard Bulk Mode) after detector calibration, fol-
lowing Orezone’s internal procedure. We have used only zirconium, titanium, iron
and strontium, and only in relative terms, in accordance with the approach of SRK
Consulting at Bomboré [25]. Portable XRF measures total Zr, whereas the labora-
tory values are partial (as explained above); the two datasets are therefore compared
by means of element ratios and relative positions, not absolute concentrations.
Sampling and quality control. The 13 intervals were selected from six holes (see
Table 2) to include the three logged lithologies (granitoid, metagabbro and are-
nite) and, for each of them, intervals both with and without significant gold grades
in the Orezone database. This selection was intentional, and the samples do not
form a statistically representative set for the prospect: the ratios of mineralized to
barren samples in each group (Section 4.1) are not grade frequencies, and the re-
sults refer only to the sampled intervals. Suite A (Section 4.1) comes from a single
hole (TYDO0046), and four of the six Suite B samples come from holes BBD1000
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and BBD1048, located north of the Toéyoko holes, so part of the difference be-
tween the two suites may be due to sampling location. No certified reference ma-
terials, blanks or duplicates of our own were added to the 13 samples. Quality
control is based on the controls analyzed by the laboratory in the same batch and
reported on certificate RFT24-65463: one blank, one replicate for each method,
and the reference materials AMIS0807 (fusion XRF and LOI), AMIS0800 (C and
S), OREAS 907, SU-1b and AMIS0355 (four-acid digestion). The blank is below
or close to the detection limit for all elements (highest value 4 ppm Ba), which is
negligible compared with the amounts found in the samples. The replicates agree
within 1.5% for the major oxides (0.03 wt% for LOI), within 5% for C and S, and
within 10% for most trace elements; As, Ag, Zr, Li and Be differ by 11% - 14%.
Since the certificate does not provide the certified values of the reference materi-
als, their recoveries are not reported here. For gold, the fire-assay grades are taken
from the Orezone database; the quality-control results of the assay batches con-
taining these 13 intervals were not available to us, and the QA/QC procedure ap-
plied by Orezone to its drilling is described in [8]. No check analyses were carried
out at a second laboratory, and no interval was analyzed both by total (fusion)

digestion and by four-acid digestion.

Table 2. Location of the analyzed samples (laboratory report RFT24-65463).

Sample Rock type (this study) Drill hole Interval (m, down-hole)
GB1 Tholeiitic metagabbro TYDO0036 97 -98
GB2 Differentiated/silicified metagabbro ~ TYD0036 89-90
GB3 Tholeiitic metagabbro TYDO0110 107 - 108
GB4 Differentiated/silicified metagabbro ~ TYDO0110 89 -90
GR1 Granitoid, Suite B BBD1000 152 - 153
GR2 Granitoid, Suite A TYDO0046 63.6 - 64.7
GR3 Granitoid, Suite B BBD1048 79 - 80
GR4 Granitoid, Suite B BBD1000 168 - 169
GR5 Granitoid, Suite A TYDO0046 67 - 68
GR6 Granitoid, Suite B TYDO0023 45 - 46
GR7 Granitoid, Suite B BBD1048 61 - 62
GRS Granitoid, Suite B TYD0023 46 - 47
AR1 Arenite (greywacke) TYD0023 84 -85

GR, granitoid; GB, metagabbro; AR, arenite. Holes BBD1000 and BBD1048 lie north of the
Toéyoko holes; BBD1000 is part of the BBD0989-BBD1000 structural dataset (Section 3.1).

3.4. Structural Modeling and Kinematic Analysis

From the surface measurements on deformed rocks, we calculated foliation trajec-
tories and dip domains over the entire permit area using Gaussian weighting (o=

700 m) and an analysis radius of 1.2 km around each measurement point. A cross-
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section was prepared from the apparent dips and the drill-hole data. The direction
and sense of slip on the shear zones were estimated from the S-C geometry of the
mean planes: the slip direction is the line in the C plane at right angles to the inter-
section of S and C, and the sense of slip follows from the rotation of S toward C [26]
[27]. No paired S and C planes were measured on the same core intervals, and no
kinematic indicators (shear bands, asymmetric porphyroclasts, slickenlines) or lin-
eations were logged. Pooled mean planes are therefore used: the mean foliation
plane of the Toéyoko sector (n = 241) as S and the mean shear-zone plane (n = 45)
as C. The sense and direction of slip obtained in this way are inferred, not observed.

We took the foliation pole to indicate the direction of greatest shortening.

4. Results
4.1. Nature and Composition of the Host Rocks

All samples are subalkaline (Figure 3(a)). Metagabbros GB1 and GB3 (SiO, = 48.0
- 49.5 wt%) have flat rare earth element (REE) patterns ((La/Yb)x = 1.8 - 2.5) of
tholeiitic type. GB2 and GB4 contain more silica (60.4 - 63.3 wt%) and are differ-
entiated or silicified equivalents. In the normative diagrams, the granitoids plot as
tonalites and trondhjemites, apart from two granodiorites (GR4 and GR5), and
sodic plagioclase makes up most of the feldspar (P/(A + P) = 86% - 99%) (Figure
3(b)). These names rest on major elements. Silicification adds SiO,, and alkali al-
teration (albitization, sericitization) changes Na,O and KO, so the TAS and nor-
mative classifications may not record the primary igneous composition. Sampling
below the weathered zone removes the effect of supergene weathering but not that
of hydrothermal alteration, which affects most of the mineralized samples. We
therefore use the rock names as provisional labels and give more weight to ele-
ments that are relatively immobile during alteration (Ti, Zr, Y and the REE) [28].
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Figure 3. Classification diagrams used on the Toéyoko host rocks. (a) TAS diagram as given by Cox et al. [20], the plutonic
version of Wilson [23], with the alkaline/subalkaline boundary defined by Irvine and Baragar [29], with the fields of the host
rocks; (b) normative QAPF diagram of the granitoids [22], calculated from the CIPW norm, showing the tonalite and
granodiorite fields.
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The trace elements allow the two granitoid suites to be distinguished (see Fig-
ure 4 and Table 3). Suite A (GR2, GR5) is characterized by fractionated rare earth
element patterns ((La/Yb)y = 8.7 - 8.8), low concentrations of the heavy rare earth
elements (Y = 9 - 11 ppm), the absence of a europium anomaly, and high Sr/Y
ratios (22 - 44), features that resemble those of TTG-type magmas in equilibrium
with residual garnet [30]. Sr is mobile during alteration, however, and the Sr/Y
ratio of these samples should be used with caution. Suite B (GR1, GR3, GR4, GR6,
GR7, GR8) has a low content of Al,O; (8.8 - 11.3 wt%). Its rare earth element
patterns are flat ((La/Yb)x = 2.4 - 3.7); it has high values of Y (32 - 76 ppm) and
Zr (165 - 236 ppm), shows a negative europium anomaly (Eu/Eu* = 0.61 - 0.74),
and has low Sr/Y ratios (2.7 - 5.0). These features resemble those of the low-alu-
mina trondhjemites described by Barker [31], which develop in the presence of
plagioclase. The low AL,O; contents may, however, partly reflect dilution by added
silica, and the Eu anomaly may have been modified by plagioclase alteration; the
flat REE patterns and the high Y contents are less affected by these processes. The
Zr/TiO, ratios also distinguish the two suites (134 - 143 for Suite A, 295 - 549 for
Suite B) from the tholeiitic metagabbros (30 - 44). The arenite AR1 is an immature
greywacke, and its rare earth element pattern is similar to that of Suite A, suggest-
ing that it may derive partly from this suite.

Six samples are anomalous in As (>1000 ppm) and S (>0.4%): four granitoids
(GRI1, GR2, GR3 and GR8) and two metagabbros (GB2 and GB4) (Figure 5).
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Figure 4. CI chondrite-normalized REE patterns [24]. (a) Granitoids of Suite A (GR2, GR5) and Suite B (GR1, GR3, GR4,
GR6-GR8); (b) metagabbros and arenite AR1.

Table 3. Geochemical characteristics of the rock types of the Toéyoko prospect (ranges).

Samples Si0, ALOs Zr Y St/Y (La/ Eu/ Zt/ As Au
P (wi%) wi%) (ppm) (ppm) Yo Eu* TiO: (ppm) (g/t)
480- 11.2- 33- 18- 0.76- 30- 125-
GB1, GB3 52-8221-43 0.001
49.5 12.2 105 2.5 098 44 330
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Continued
Differentiated/ 604- 54- 46- 43- 21- 071- 39- 1220- 0.84-
_ GB2, GB4 15-61
silicified metagabbros 633 115 153 120 2.4 099 166 =10,000 8.12
Granitoids, Suite A 65.0- 12.7- 22- 87- 089-134- 72- 0.001-
. GR2, GR5 67-76 9-11
(high Sr/Y) 65.6 13.9 44 8.8 1.07 143 2245 1.14
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Figure 5. Geochemical parameters associated with gold mineralization in the host rocks (n = 13). (a) Zr versus TiO»,

separating the metagabbros, Suite A and the Zr-rich Suite B; (b) As versus Zr/TiO»; three of the four granitoids anomalous in
As (>1000 ppm) belong to Suite B.

Three of the four anomalous granitoids (GR1, GR3, GR8; As = 2370 to >10,000
ppm; S = 0.74% - 2.05%) belong to Suite B and have Zr/TiO, ratios above 400. The
fourth, GR2 (As = 2245 ppm; S = 1.01%), belongs to Suite A. In contrast, GR4,
GR6, and GR7 from Suite B are not anomalous (As = 54 - 291 ppm; S = 0.05 -
0.08%; Table 3), so rock composition alone cannot account for the mineralization.
In each suite, half of the samples are gold-bearing (three of six in Suite B, one of
two in Suite A), but the gold-bearing Suite B samples have higher grades (5.15 -
8.64 g/t) than the Suite A sample (GR2, 1.14 g/t). Gold grades are distributed in
the same way as As and S. Samples anomalous in As and S assay 0.84 to 8.64 g/t
Au (GR1: 8.64; GB4: 8.12; GR3: 5.82; GRS8: 5.15; GR2: 1.14; GB2: 0.84), while the
others, with less than 1000 ppm As and less than 0.25% S, do not exceed 0.015 g/t
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(Figure 5(b)). Every gold-bearing sample contains at least 0.41% S, enough for
the pyrite and arsenopyrite that host the gold, compared with no more than 0.23%
in barren samples. With only 13 samples, this threshold is indicative. High As does
not follow silica: As and SiO; are not correlated in the sample set (Spearman’s p =
—0.24). The mineralized metagabbros (GB2 and GB4) are the only samples clearly
richer in silica than their barren equivalents (SiO, = 60 - 63 wt% vs 48 - 50 wt%),
which we attribute to silicification.

The portable X-ray fluorescence data support these rock names throughout the
area (see Figure 6). In the binary diagrams employed by SRK Consulting at Bom-
boré [25], the three lithologies recorded by Orezone (designated MI3 for the

metagabbros, S3 for the metasedimentary rocks and I1C for the granitoid) lie in
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Metagabbro (MI3) (n = 194) Metasediment (S3B) (n = 88) Granitoid (11C) (n = 170)

Figure 6. Binary plots of portable X-ray fluorescence analyses (Niton, Orezone) of 1589 fresh-rock core intervals from 21 drill
holes in the P17 South sector, by logged lithology (I1C: granitoid; MI3: metagabbros; S3: metasedimentary rocks), following
the approach of SRK Consulting [25]. (a) Ti versus Zr, with reference Ti/Zr ratios; (b) Ti/Zr versus Fe/1000; dashed lines:
classification criteria (Ti/Zr = 12 and 30; Fe = 60,000 ppm); (c) Sr/Zr versus Fe/1000; (d) Zr content by lithology. Stars:
intervals of samples GR2 and GR5 (drill hole TYD0046).
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distinct fields. The metagabbros have a high content of Fe (median values ranging
from 117 to 129 g/kg) and Ti (with a Ti/Zr ratio between 55 and 58). The metased-
imentary rocks are low in Fe (28 - 40 g/kg), having a Ti/Zr ratio of 17 - 19 and a
Sr/Zr ratio of 2.4 - 3.0. The I1C granitoid is characterized by a high Zr concentra-
tion (median 405 ppm; n = 170) and low Ti/Zr (6.4) and Sr/Zr (0.46). We tenta-
tively correlate this population with the Zr-rich Suite B of the laboratory data. Its
median Zr is about twice the Suite B range (165 - 236 ppm), which is expected if
part of the zircon remained undissolved in the four-acid digestion (Section 3.3).
The only intervals analyzed by both methods, those of GR2 and GR5, show the
same offset: 117 - 128 ppm by portable XRF against 67 - 76 ppm in the laboratory,
aratio of 1.5 - 1.9, close to the ratio between the I1C median and the Suite B range
(1.7 - 2.5). No Suite B interval has a matched portable XRF reading, so the corre-
lation rests on relative Zr, Ti/Zr and Sr/Zr values and remains provisional. Simple
cutoff criteria (for granitoids: Zr > 250 ppm and Ti/Zr < 12; for metagabbros:
Ti/Zr = 30 and Fe > 60,000 ppm; for metasedimentary rocks: Ti/Zr < 30 and Fe <
60,000 ppm) account for 89% of the 1589 fresh-rock intervals (96% for granitoids,
95% for metasedimentary rocks and 83% for metagabbros). At Bomboré, the
agreement is only around 60% [25]. The GR2 and GRS5 intervals fall into the
metasedimentary field (Zr being 117 - 128 ppm; Ti/Zr approximately 20). Alt-
hough we assign them to the granitoids on the basis of their CIPW norm and trace

elements, further confirmation is required through thin section analysis.

4.2. Surface Structures

Foliation is the most common structure at surface. It is subvertical (median dip
75°), with a mean strike of N016° (R = 0.76), a modal class of N020 - N030° and a
mean plane of 015/82 (Figures 7-9). Its strike is similar in metagabbros (014/79),
arenites (213/73) and granodiorites (005/86), although it dips west in the arenites;
the granodiorites carry the same fabric, which indicates that the granodiorites
were emplaced before or during deformation. In the arenites, bedding (210/75)
parallels the foliation and has been transposed. The foliation strikes N025° in the
western sector and N-S in the eastern sector, where it dips east everywhere. Across
the permit, a dip-reversal zone separates a west-dipping domain in the southwest
from the east-dipping domain that covers the rest of the area (Figure 7). Quartz
veins have a mean strike of N031° (R = 0.68) and a second population striking
N050°-N070° (Figure 8(c)). E-W fractures also cut the foliation at right angles in

outcrop (Figure 2(a), Figure 2(b)), but they were not measured systematically.

4.3. Structures at Depth

In the Toéyoko sector the foliation, as measured on oriented core (n = 241), has a
trend of N-S and a dip of 58° to the east (mean plane 091/58; principal eigenvalue
0.81). This same orientation is observed in the arenites (090/62; n = 101) and in
the metagabbros (092/53; n = 133) (Figure 10). The shear zones (n = 45; mean
plane 075/61) have a trend of NNW-SSE, being about 14" from the foliation, and
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they cut through both the arenites and the metagabbros. Lithological contacts
(080/68; n = 9) and the majority of the quartz veins (078/62; n = 31) are subparallel
to the shear zones; only three of the veins dip gently (by 19° - 28°). The poles to
the foliation form a weak girdle with its axis (f) plunging 28" towards N161°, this
direction being parallel to the strike of the fabric and moderately inclined towards
the SSE. The foliation becomes flatter with increasing depth, with median dips of
65° between 0 and 50 m down-hole, 64° between 50 and 100 m, 59° between 100
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Figure 7. Interpretative lithostructural map of the Toéyoko permit (corners A-F; 63.41
km?). Foliation trajectories and dip domains interpolated from measurements of structures
visible at the surface in outcropping rocks; dash-dot line: dip reversal (fan axis); red line:
Toéyoko shear corridor. This corridor does not crop out; we identified it from the shear
zones intersected by all drill holes in the Toéyoko sector, measured on oriented core
(Section 4.3), and then extended it along their mean strike; its sinistral sense, inferred from
the S-C analysis of mean planes, is provisional. X-X": trace of the interpretative cross-

section presented in Section 4.4.
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Figure 8. Bidirectional equal-area rose diagrams (10° classes) of surface structures: (a) foliation; (b) bedding; (c) quartz veins;
(d-f) foliation in metagabbros, arenites and granodiorites.

(a) Poles to foliation (n = 127) (b) Poles to foliation by lithology (c) Great circles: mean foliation,
Kamb contours (o = 3) and to bedding bedding and quartz veins
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Figure 9. Stereograms of surface structures (Schmidt net, lower hemisphere): (a) poles to foliation and Kamb contours; (b)
poles by lithology and poles to bedding; (c) mean planes of foliation and bedding, and veins with known dip.

and 150 m, and 52° below 150 m (n = 17). In the western holes the measured a

angles (median 60°) match only a foliation dipping 65° - 70° to the west, as at the
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surface. Given the hole orientations from the downhole surveys, such a foliation
would produce a angles of 59° - 61°, against 10° - 18" for an east-dipping foliation
(Table 4, line “West”).

The other two drilling campaigns display the same geometry (Figure 11; Table
4). In the holes BBD0989 to BBD1000, which are up to 450 m north of the Toéyoko
holes, the mean foliation plane is 086/65 (n = 271; 95% confidence cone: 3°) and the
mean vein plane is 089/60 (n = 75; 95% confidence cone: 7°). The five oriented shear
zones at 072/59 are 13° from the foliation plane and are close to the 14° value meas-
ured at Toéyoko. In the 2013 holes (TYD0004 to TYDO0015) the foliation (083/53; n
= 71; 6°), the shear zones (082/49; n = 19; 11°), the lithological contacts (078/51; n
= 10) and the veins (090/48; n = 41; 10°) strike N-S and dip 48" - 53° to the east, the
shear zones being nearly parallel to the foliation (5°). These 141 measurements are
those plotted in Figure 11; the other 25 measurements with a valid S in the 2013
holes belong to other structure types that are not used in this analysis (Table 1). The
mean foliation planes of the three datasets differ by 7° - 11° and dip 53° - 65° to the
east. On the W-E cross-section of the Toéyoko sector (Figure 12), the foliation flat-

tens with depth, as shown by the median dips given above.

(a) Foliation (b) Shear zones and contacts (c) Quartz veins
mean plane 091/58 (dip dir./di mean plane 075/61 (dip dir./di mean plane 078/62 (dip dir./di
p p p. p p P. p p p.
N
@ Lithological contact (n = 9) © Quartz vein (n = 31)

@ Shear zone (n = 45)

(d) Foliation (e) Shear zones (f) Quartz veins

210 150

n =241 | mean N003° n =45 | mean N164° n=31 | mean N164°

Figure 10. Orientation of structures measured on oriented core in the Toéyoko sector. (a-c) Poles to foliation (Kamb contours),
shear zones and contacts, and quartz veins, with the mean plane (Schmidt net, lower hemisphere); (d-f) strike rose diagrams.
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Figure 11. Comparison of structures measured on oriented core in the three datasets (Schmidt net, lower hemisphere): (a-c)
Toéyoko sector, drill holes TYD0102-TYD0114 (2018); (d-f) drill holes BBD0989-BBD1000 (2018); (g-i) drill holes TYD0004-
TYDO0015 (2013; orientations calculated by Orezone from the planned hole orientations). Left: poles to foliation and Kamb
contours; center: poles to shear zones and contacts; right: poles to veins. Solid line: mean plane (dip direction/dip), with the
half-apex angle of the 95% confidence cone (bootstrap); dashed line: mean foliation plane.

Table 4. Orientation of structures at surface and at depth (strike by right-hand rule/dip;
dip direction/dip in parentheses).

Structure Sector Surface n Depth n Source
Foliation Toéyoko (east) 358/73 41 001/58 (091/58) 241 oriented core
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Continued
Foliation West (arenites) 213/73 20 <180 -235/65 - 23 aangles
70 (model)
Foliation =~ BBD0989-BBD1000 — — 356/65 (086/65) 271 oriented core
Foliation TYDO0004-TYDO0015 — — 353/53 (083/53) 71 oriented core*
Shear zones Toéyoko (east) — — 345/61 (075/61) 45 oriented core
Shear zones BBD0989-BBD1000 — — 342/59 (072/59) 5 oriented core
Shear zones TYDO0004-TYDO0015 — — 352/49 (082/49) 19 oriented core*
Lizilt‘ﬁizal Toéyoko (east) —  — 350/68 (080/68) 9 oriented core
Quartz veins  Toéyoko (east) N350-NO030 5 348/62(078/62) 31 oriented core
Quartz veins BBD0989-BBD1000 — — 359/60 (089/60) 75 oriented core
Quartz veins TYD0004-TYDO0015 — — 000/48 (090/48) 41 oriented corex
Bedding So West (arenites) 210/75 2 — — —

Mean planes: principal eigenvector of the orientation tensor of the poles [16]. *Orientations
calculated by Orezone from the planned hole orientations.
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Figure 12. W-E cross-section (looking north) of the Toéyoko sector with projected drill holes; ticks show the apparent dip
of oriented structures in the plane of the section.

4.4. Permit-Scale Geometry and Kinematics

On X-X' (Figure 13) the foliation appears as a fan which opens upwards and
dips west on the western side of the axis, east on the eastern side and is steepest
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close to the axis. For the Toéyoko data, the S-C analysis of the mean planes (Fig-
ure 14(a)) places the SNC intersection at 56° towards N112° and the slip direc-
tion at 355°/17" in the shear plane. This geometry indicates mainly strike-slip
movement with a small dip-slip component (17° plunge). Since the foliation is
rotated clockwise with respect to the shear planes, the hanging wall would have
moved north and the strike-slip component would be sinistral. Because S and C
were not measured as pairs on the same core intervals (Section 3.4), this sense

of shear and this slip direction are provisional; they need to be checked against
kinematic indicators and lineations measured on oriented core. The pole to the

foliation, 285/08 at the surface and 271/32 at depth, indicates near-horizontal
WNW-ESE shortening.
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Figure 13. Interpretative cross-section X-X' (azimuth N069°) across the permit (vertical exaggeration x2). Form lines constrained
by data down to about 60 m elevation (solid lines) and extrapolated below (dashed lines); Toéyoko shear zone in red

(a) S—C kinematic analysis
(Toéyoko oriented core) (b) D2a — WNW-ESE shortening: (c) D2b — sinistral transpression:
N F, folds, S, foliation fan NNW shear zones, quartz veins

N1 N1

S, = NO0O-NO025°, steep shear zone 075/61 (N345°)
=S (foliation) 091/58
=== C (shear zone) 075/61
A sncui2se
. Slip (hanging wall) 355/17
O PoletoS=¢g; 271/32

Figure 14. Kinematic analysis and evolution model. (a) Mean S and C planes measured on core (pooled mean planes, not
paired observations), SNC intersection, inferred slip direction of the hanging wall and pole to S; (b) stage D2a: WNW-ESE

shortening and development of the S; foliation; (c) stage D2b: inferred sinistral transpression localized on vein-bearing NNW-
SSE shear zones (provisional sense of shear).
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5. Discussion
5.1. Deformation History

The deformation sequence we infer agrees with regional Eburnean models [7] [9]-
[11] and with earlier work in the Bomboré mining area, which includes the Toéyoko
prospect [8] [32] (Table 5). Bedding in the arenites is steep and parallel to the foli-
ation and was transposed during the first phase (D1). We found no fabric or folds
(F1) of this phase, probably because transposition erased them. The main planar
fabric (S, foliation) strikes N-S to NNE-SSW, dips steeply, and formed during
WNW-ESE shortening (D2; stage D2a, Figure 14(b)). At the P17 South showing,
in the southern part of the Toéyoko prospect, Orezone mapped a foliation dipping
about 55° ENE and parallel to the axial planes of isoclinal folds [8]. Lambert et a/
[32] interpret it as an S, axial-planar cleavage of isoclinal F2 folds with N-S axial
planes and hinges plunging 10° - 15” to the SSW. The S axis of our core data (28"
toward N161°) also indicates fold axes parallel to the foliation, but with a steeper
plunge to the SSE, possibly because the hinges are curved. The girdle is weak (nor-
malized eigenvalues of the orientation tensor of the poles: A; = 0.81, ;= 0.11 and 4,
= 0.08), as expected for very tight folds with almost parallel limbs. At permit scale,
the foliation fan could be a positive flower structure formed in transpression [33] or
the core of a regional antiform. Similar anastomosing networks of foliation and
shear zones have been described in Burkina Faso, where heterogeneous transpres-
sional flow absorbs shortening and shear zones slightly oblique to the foliation
transfer strain between domains [10] [11]. The Toéyoko shear zones, at about 14°
to the foliation, appear to belong to this type.

Deformation later concentrated in east-dipping NNW-SSE shear zones (D2b;
Figure 14(c)), which cut the foliation at a low angle. The S-C geometry of the
mean planes suggests mainly sinistral movement on these shear zones. If this sense
of shear is confirmed by kinematic indicators, WNW-ESE shortening continued
with a strike-slip component, as sinistral transpression. Late brittle faults striking
070° and 110°, seen on the magnetic surveys of the property [8], and an inferred
E-W fault with apparent sinistral offset north of P17 [32] are assigned to D3. The
E-W fractures seen in outcrop (Figure 2(a), Figure 2(b)) and the N050-N070°

veins measured at surface may belong to the same event.

Table 5. Summary of the deformation phases proposed for the Toéyoko prospect.

Role in
Phase  Regime Structures Evidence . .
mineralization

Tilting and transposition of

210/75 t- f th
Early bedding So; F1 folds not S0 (210/75)/f Set-up of the

D1 foliation in lithological
shortening observed (probably ] ] &
. . arenites (213/73) architecture
obliterated by transposition)
o Juxtaposition of
. Foliation 015/82 .
WNW-ESE Isoclinal F, folds, N-S to competent felsic
D2a . o (surface), 091/58 .
shortening NNE S; foliation, fan intrusions and

depth); #161/28
(depth); 161/ metagabbros
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Continued

S-C geometry of

Sinistral mean planes Main episode of
NNW-SSE shear zones

D2b transpression .
(075/61), quartz veins

(provisional); slip  fluid flow and

(inferred) 355/17, Section 4.4 gold deposition
and Figure 14(a)
Faults = 070° and 110°, M ti H
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D2a and D2b may represent two increments of a single progressive deformation.

5.2. Lithological Control

In our samples, the highest gold grades in granitoids occur in the low-Al, Zr-
and Y-rich Suite B. This suite probably corresponds to the Zr-rich “granodio-
rite” that earlier studies [8] [32] identified as the host of the mineralization and
whose Zr content was used to reinterpret several drill-hole logs [32]. The chem-
istry only partly supports the name given during core logging. In the normative
QAPF diagram, the Suite B granitoids are tonalites, and only GR4 falls in the
granodiorite field (Figure 3(b)). As noted in Section 4.1, these major-element
names may have been shifted by silicification and alkali alteration, and sampling
below the weathered zone does not ensure that the primary igneous chemistry
is preserved. The tonalite-trondhjemite classification, and the comparisons of
Suite A with garnet-bearing TTG sources and of Suite B with low-Al trondhjemites,
are therefore working hypotheses that thin sections and less altered samples
should test. We treat the unit as a tonalite-trondhjemite suite for descriptive
purposes but keep the field name “granodiorite” on the maps and structural fig-
ures. Zr and the Zr/TiO, ratio, both relatively immobile [28], distinguish this
unit from the metagabbros and from Suite A even where alteration has strongly
changed the alkalis. Three of the six Suite B samples (GR1, 8.64 g/t; GR3, 5.82
g/t; GRS, 5.15 g/t) and one of the two Suite A samples (GR2, 1.14 g/t) are gold-
bearing. The proportion of mineralized samples is thus the same in both suites,
and the association with Suite B rests on grade, not on frequency. Two meta-
gabbros (GB4, 8.12 g/t; GB2, 0.84 g/t) are also mineralized, while the Suite B
granitoids without As and S anomalies (GR4, GR6, GR7) are barren (<£0.015 g/t).
Because the 13 samples are few and were selected (Section 3.3), they cannot es-
tablish a lithological preference at the scale of the prospect; this would require a
comparison of gold grades with the Zr-based lithology over the whole drill-hole
database. The host lithology may favor mineralization but is not sufficient: gold
occurs only where the fluids brought sulfur and produced sulfide alteration
along the structural conduits.

The first difference between these intrusions and their host rocks is rheological.
The quartz- and plagioclase-rich felsic granitoids are more competent than the
chlorite-biotite metagabbros around them. During deformation, fracturing and

dilation concentrate in the competent bodies, where fluids move more easily and
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veins form [34] [35]. Their sodic character and iron content ( FEZO; =58-9.2
wt%) may also make them reactive toward sulfur-bearing fluids. Iron in the rock
fixes sulfur as sulfides, breaking down gold-sulfur complexes and causing gold to

precipitate [36].

5.3. Structural Control

We interpret the NNW-SSE shear zones as the main fluid pathways because they
occur in all of the Toéyoko drill holes, host the majority of the quartz veins and
intersect the lithological contacts at a shallow angle. Two further observations
support a link between these structures and gold. All gold-bearing samples,
whether granitoids or metagabbros, carry As and S anomalies (Section 4.1),
which points to an external, sulfur-bearing fluid rather than to a control by host
composition alone. The mineralized metagabbros are also the only silicified
ones, which fits fluid flow focused along structures. The spatial relationship be-
tween gold intervals and logged shear zones has not yet been tested in the full
drill-hole database; this test is the next step to support the model. In gold de-
posits associated with shear zones, ore shoots generally develop in dilational ar-
eas, the shape of which is determined by the direction of slip [34] [37]. If the
movement at Toéyoko was mainly strike-slip, as the S-C analysis suggests, the
dilational areas located at the bends in the shear planes would be elongated in a
direction perpendicular to the slip and dip steeply near the SNC intersection
(112/56). Lambert et al. [32], on the other hand, link the grade envelopes to F2
folds that dip gently towards the SSW. The two geometries can coexist, with the
F2 folds determining the shape of the host rock and their intersections with the
shear zones determining where the high-grade shoots occur. Further drilling
should check both plunge directions.

Two sections of the permit appear to be promising. One of these is the area in
which the foliation changes from N025" in the west to N-S in the east, since this
curvature could have led to the formation of dilational sites. The other is along

the fan axis, since it is there that the fabric is steepest.

5.4. Uncertainties and Alternative Interpretations

The geochemical results rest on 13 samples selected to cover the main lithologies
and both mineralized and barren intervals (Section 3.3), and Suite A is represented
by a single hole. The two granitoid suites, the As and S thresholds and the associ-
ation between Suite B and the highest grades are therefore preliminary. A larger
sample set, taken at regular intervals along several holes and analyzed by total (fu-
sion) digestion for Zr and the REE, together with portable XRF readings on the
same intervals, would test the suites and thresholds and would calibrate the port-
able XRF data against the laboratory data.

The three-dimensional structural interpretation also has limits. The cross-sec-
tion (Figure 13) is constrained by drill-hole data only down to about 60 m eleva-

tion, and the fan geometry below this level is extrapolated. The foliation trajecto-
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ries (Figure 7) are interpolated from surface data with a Gaussian weighting of ¢
= 700 m, which smooths features smaller than a few hundred meters and leaves
areas without outcrop unconstrained. In the western holes, the west-dipping foli-
ation at depth is inferred from the fit between measured and modeled a angles,
not measured directly. The 2013 orientations were calculated from the planned
hole orientations, which may explain part of the 7° - 11° difference between the
mean planes of the three datasets. The Toéyoko shear corridor does not crop out
and is extended along strike from its drill-hole intersections. Finally, the kinemat-
ics come from pooled mean planes (Section 3.4).

Other interpretations remain possible. Because the foliation formed mainly
during D2a, before the shear zones, its obliquity to the shear zones may reflect the
initial geometry of the fabric rather than rotation during shearing; in that case the
S-C angle would not record the sense of shear, and a dextral or mainly dip-slip
movement could not be excluded. The foliation fan may be a positive flower struc-
ture [33] or the core of an antiform (Section 5.1), and data below 60 m elevation
in the west are needed to separate the two. Gold could also postdate the main shear
zones: gold associated with late- or post-orogenic deformation has been docu-
mented in the southern West African Craton [5] [38], and at Toéyoko the D3
fractures and N050-N070° veins have not been sampled. Finally, As- and S-rich
silicified zones occur in both granitoids and metagabbros, so the fluid flux may
have been the main control, with lithology acting mainly through its competence.

Our results can be compared with earlier work in the district. At Bomboré, gold
is disseminated in strongly deformed greenstones with albite, calcite, tourmaline,
biotite and pyrite alteration, along a second-order structure of the Tiébélé-Dori-
Markoye system [8] [13]. Toéyoko differs in that most of the sampled gold is in
felsic intrusions, but both share sulfide-rich alteration and a control by shear
zones slightly oblique to the regional fabric. The N-S to NNE foliation and the
steep fabric at depth agree with the S, axial-planar cleavage and isoclinal F2 folds
described by Lambert et al [32]; our results differ from theirs on the plunge of the
ore shoots (Section 5.3). At the scale of Burkina Faso, the role of shear zones and
lithological contrasts in localizing gold [4] [6] and the transpressional shear net-
works described by Chardon et al [10] [11] are consistent with the model pro-

posed here.

5.5. Exploration Model

At a regional level, we propose that the fluids flowed along a transpressional cor-
ridor associated with the Markoye system, probably with a sinistral component.
In the prospect, shear zones that dip to the east and have a NN'W-SSE trend local-
ized the deformation and the formation of veins, and gold was deposited where
these shear zones meet competent felsic intrusions, among which Suite B carries
the highest grades in our samples. The targeting criteria derived from this prelim-
inary model are given in Table 6; they should be tested by drilling and with the
additional data listed in Section 5.4.
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Table 6. Proposed targeting criteria for the Toéyoko prospect (preliminary).

Criterion Measurable expression Tool

Granitoid with Zr > 160 ppm (four-acid ICP) or Geochemistry
Host unit > 250 ppm (portable XRF), Zr/TiO2 > 290, Y > (portable XRF,
30 ppm, (La/Yb)x < 4 laboratory analyses)

Structural NNW-SSE shear zone dipping 60° - 65° to the Oriented core,
conduit east mapping

Host unit/shear zone intersection; ore-shoot
Intersection site plunge to be tested (SNC = 112/56 or F2 = 10" - 3D model, drilling
15" SSW)

Interpretative
Regional setting Foliation bend zone and fan axis P
structural map

Mineralization ~As > 1000 ppm, S > 0.4% (Au 0.8 - 8.6 g/t in the

Geochemistr
indicators samples concerned; indicative thresholds, n = 13) Y

6. Conclusion

Our data suggest that the Toéyoko gold mineralization formed where a favorable
structural setting met a favorable host rock. The main fabric strikes N-S to NNE-
SSW, dips steeply and formed during WNW-ESE shortening. It persists from the
surface to at least 190 m down-hole (about 175 m vertical depth), is also found in
drill holes up to 450 m further north and forms a fan at permit scale. NNW-SSE
shear zones with a probable sinistral movement, inferred from mean planes, cut
this fabric, carry the quartz veins and acted as fluid pathways. In our samples, the
highest gold grades in granitoids occur in a low-Al, Zr- and Y-rich suite of to-
nalitic to trondhjemitic composition, which is more competent than the sur-
rounding metagabbros and can be recognized by Zr/TiO, ratios above 290. With
13 selected samples, this association is not yet established at the scale of the pro-
spect. The priority exploration target is the intersection between this unit, which
can be traced geochemically, and the shear zones, whose orientation can be meas-
ured reliably only on oriented core. The model should first be tested with meas-
urements of lineations and kinematic indicators on oriented core, then with a
larger geochemical dataset (total digestion and matched portable XRF readings),
a comparison of gold grades with Zr-based lithology and shear-zone intervals over

the whole drill-hole database, and dating of the mineralization.
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