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A B ST R A C T

Lithologic units of the Belhoura region include a sedimentary unit composed of 

siltstones, shales, diagenetic cherts, and mature quartzites belonging to the upper 

Birimian stratigraphic sequence. Quartzites, previously interpreted as mesothermal 

veins, are reinterpreted here as a fine-grained facies of Tarkwaian sediments. Gold 

contained in the quartzites contains both placer and supergene components. No  

evidence of hydrothermal Au input was found.

The second unit is a mesozonally emplaced pre-tectonic tonalite juxtaposed 

against the sedimentary unit by ductile and brittle faulting generated during a NW-SE 

directed Himalayan-like rigid indentor collision. A triangle of semi-rigid crust 

developed immediately in front o f the indentor. Orogen shortening was accommodated 

by rotation of conjugate structures outward away from the principal stress direction and 

lateral extrusion of crustal material from the orogen center toward its margins. 

Shortening in the semi-rigid triangle was taken up by structural rotation and crustal 

thickening.
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IN T R O D U C T IO N  

Purpose o f  Study

The purpose of this study is to determine the nature and origin of gold 

occurrences in the Belhoura-Souma region of northern Burkina Faso, West Africa 

(Figure 1) and to determine their relationship to the events of the Birimian. The 

Birimian is the period of time spanning the early Proterozoic (c. 2400-2000 Ma) during 

which the majority of the West African shield formed.

During the severe droughts of the 1970s and 1980s in the sub-Saharan regions 

of Africa, Burkinabe society, particularly in the north of the country, shifted from 

agrarian activities to mining as a principal way of life. As a result, gold has been 

actively mined by local Burkinabe in the Belhoura area for much of the last two decades.

The mining activity takes three forms, eluvial placer mining, surficial mining of 

gold bearing quartz bodies resembling crack and seal and banded mesothermal veins, 

and underground mining of favorable lithologies, weathered horizons, or both. Eluvial 

miners use wind vanning techniques to separate gold from soil in much the same way 

that grain was separated from chaff by winnowing in the days before mechanization. 

Surficial vein mining employs the age old method described by Agricola (1556) of 

repeated heating and quenching of the vein by fire and water causing fracturing and 

spalling of the active face. The freed material is then crushed by hand and the gold 

separated out by panning. Underground mining activity concentrates on the removal of 

weathered material and softer lithologies known to contain gold. These are milled by
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hand and panned to separate out the gold. While underground mining is the most 

productive, it is also the most dangerous and has led to several fatal cave-ins resulting 

from unsafe mining practices. The local miners, or "aurpayer", report that two major 

mine collapses in the area, one at Feto Kole' and one at Doumsa (see Figure 6), claimed 

nearly 400 lives.

To date, the primary commercial Au exploration target has been the 'veins' of 

the region. Preliminary investigation of these bodies in the Belhoura region suggested 

that their interpretation as veins may be erroneous and that closer examination might 

show them to be fine-grained sandstones. To remove the genetic implications inherent 

in terms such as 'vein' and 'sandstone', and the confusion possibly generated by 

indiscriminate use of them, the more generic term 'quartz-body' will be used in this 

work to describe them, except where evidence of genesis can be demonstrated. The 

principal goals of the study are to identify the mode of genesis of the quartz bodies, two 

of which are pictured in Figures 7 and 8, as well as the nature and genesis o f the gold 

mineralization in them, and to relate them to the overall geology of the Birimian. The 

mode of genesis of these bodies bears not only on the potential tenor and extent of their 

mineralization but also on the interpretation of the regional geology, and is therefore 

important from both exploration and academic viewpoints. Though the study focuses 

on the quartz bodies of the Belhoura area, the conclusions may well be valid for other 

gold occurrences in Burkina Faso and the Birimian of West Africa.

L o ca tio n

The study area is located near the village of Belhoura approximately 22 

kilometers NW of the town of Aribinda in northern Burkina Faso, West Africa (Figure
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2). Burkina Faso, formerly Upper Volta, is a small land-locked nation located near the 

geographic center of West Africa in the sub-Saharan region known as the Sahel. The 

country covers approximately 274,122 square kilometers (105,884 square miles), an 

area roughly the size of Colorado, and has a population estimated at approximately 8.3 

million people. The capital, Ouagadougou, is home to roughly a half million people 

(Newton, 1988).

G eography amd C lim ate

Like most of West Africa, Burkina lacks spectacular topography as a result of 

extended periods of deep weathering and peneplanation. However, an extensive NE- 

trending escarpment exists along the western border of the country where late 

Precambrian sandstones outcrop. Small regions of topographic relief also exist where 

weathering-resistant plutons outcrop or where iron-rich laterite hardcaps (cuirasses) 

protect hilltops by retarding erosion. Burkina is drained primarily by the Black, Red, 

and White Volta rivers as well as by numerous ephemeral rivers and streams that 

become active only during the summer monsoon months. The monsoon occurs 

primarily from June through September, while the remainder of the year is very dry. 

The steady silt-laden harmatten winds blow in from the Sahara desert from mid January 

through April and are a prelude to the hot season that starts in March and continues until 

the beginning of the monsoon. With the exception of the harmatten, the climate of 

Burkina is very similar to that of Tucson, Arizona, both in terms of the degree of 

seasonal variations and extremes and the temporal distribution of the seasons.
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C ulture

Prior to the period of French colonialism in West Africa, Burkina Faso was 

ruled by the four kingdoms of the Mossi (Newton, 1988). During the 500 years before 

the arrival of the French, the Mossi developed a rigid social structure that revolved 

around a centrally organized government in each state that included ministers, courts, 

and a cavalry. Their cavalry was the principal reason that the Mossi were never 

subjugated by the Muslims as were the neighboring tribes of Mali and Niger. One result 

of the Mossis' successful resistance of the Muslims is the coexistence of animistic and 

Islamic religions in Burkina Faso. With the advent of French colonialism in the late 

nineteenth century, the Mossi society disintegrated and the French colony o f Upper 

Volta was formed. Upper Volta remained a colony of France until its independence on 

August 5, 1960, when it was renamed Burkina Faso. Since obtaining its independence, 

the country has survived at least a half dozen military coups and dictatorships. The 

official language of Burkina is French, but numerous African languages are also 

commonly spoken.
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PR O TER O ZO IC  TECTO NICS

Gaal (1992) provides a general summary of Proterozoic tectonics that proposes 

the occurrence of three full Wilson cycles during the eon. Each global tectonic cycle is 

thought to have involved a long period of quiescence followed by rifting and continental 

breakup. The three cycles include:

1) The Paleoproterozoic cycle (2.5-1.75 Ga) predated by plate assembly from 

2.9-2.5 Ga that was followed by rifting from 2.5-2.0 Ga

2) The Mesoproterozoic cycle (1.75-1.0 Ga) marked by the reassembly of 

crustal fragments with substantial juvenile crust input by 1.75 Ga and 

subsequent rifting from 1.75-1.3 Ga

3) The Neoproterozoic cycle (1.0-0.45 Ga) during which assembly occurred 

around 1.0 Ga followed by rifting and dispersal at 0.75 Ga The Neoproterozoic 

ended around 0.45 Ga with the assembly of Pangea.

The boundary between cycles is taken as the earliest appearance of S-type alkali granites 

generated by magmatic underplating and thermal relaxation. The Birimian orogen is 

depicted by Gaal as an incomplete intracratonic rift lying to one side of the spreading 

axis dividing the plate. Gaal also attempts to integrate ore deposit genesis into the 

temporal framework outlined above (Figure 4).

Gaal (1992) subscribes to the dynamic feedback convection model of Gumis 

(1988) as the driving force of tectonic processes during the Proterozoic. Gumis (1988) 

numerically models the plate tectonic process and shows that continental plate motion 

and mantle convection have a positive feedback interaction via the mechanism of plate 

induced heating of the mantle (blanketing). In the model, continental aggregation results 

in insulation of the underlying mantle that produces mantle overheating on the order of
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250 °C. Overheating leads to upwelling in the insulated mantle that in turn generates a 

geoid high beneath the plate. Conversely, cooling o f uncovered mantle areas generates 

downwelling centers that produce geoid lows. Total topographic relief between geoid 

high and low is on the order of 3.5 kilometers. Generation of the geoid high places the 

overlying plate in a state of substantial tension (approximately 70 M Pa) that results in 

rifting and fragmentation of the overlying plate. Once rifted, plate fragments move from 

the geoid high by convective push and gravitational pull, and come to rest in the geoid 

low in a state of compression (> 50 M Pa). Insulation of the mantle below the blanketed 

geoid low induces the generation of a new upwelling center. The mantle convection 

pattern begins in an organized state during the heating and upwelling stages o f the 

feedback cycle, and ends in a disorganized state produced by exposure o f the mantle 

plume by rifting. Gaal (1992) contends that each successive rifting cycle in the 

Proterozoic was shorter than the preceding one, the Paleoproterozoic cycle requiring 0.5 

Ga for completion, the Mesoproterozoic cycle 0.3 Ga, and the Neoproterozoic 0.25 Ga
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G EO LO G Y  OF W EST AFRICA

The key lithologic age groups of the West African craton (Figure 3) include 

Archean age rocks of the Leonian and Liberian orogenies, early to mid-Proterozoic 

Birimian age rocks of the Ebumean orogeny that are the subject of this study, 

Infracambrian and early Paleozoic Pan African rocks, and Paleozoic, Mesozoic, and 

Tertiary sediments. Burkina Faso lies primarily in the northernmost arm o f the 

Proterozoic Birimian rocks. Milesi et al. (1989,1992) provide a recent literature 

compilation and reinterpretation of the Birimian that is summarized below (Figure 4).

K enem a-M an G ranite-G reenstone D om ain

The Archean age Kenema-Man domain of the Man Shield consists of a typical 

granite-gneiss-greenstone association (Wright et al., 1985) that occupies the western 

portion of the shield. The 'granite' component is typically composed o f pink to gray 

quartzo-feldspathic biotite and hornblende bearing granulite gneisses and migmatite 

gneisses with lesser volumes of quartzites, amphibolites, quartz-mica schists, and 

marbles (Wright et al, 1985). The gray granulite gneisses range in age from 3300-3140 

Ma and experienced a tectonothermal event around 2950 Ma generally known as the 

Leonian event. The granulite gneisses compositionally range from trondjhemite gabbros 

to tonalites. The migmatite gneisses, formed during the Liberian tectonothermal event 

around 2750 Ma, are thought to be derived from the older gray gneisses as well as the 

sediments produced from them. Layered mafic intrusions are present in both the 

Leonian granulite gneiss and the Liberian migmatite gneiss.
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Archean age greenstone belts of the Kenema-Man domain appear to contain the 

basic components of the classic three-fold assemblage of ultramafics, tholeiitic 

volcanics, and volcanic and chemical sediments typical of most Archean greenstone 

belts (Anhaeusser, 1971; Viljoen and Viljoen, 1969; Windley, 1984). The greenstone 

succession is subdivided into a lower ultramafic unit (20%), a middle differentiated 

mafic unit (50%), and an upper metasedimentary unit containing banded iron formations 

(30%)(Milesi et al., 1989). The lower ultramafic unit contains olivine and 

orthopyroxene-bearing serpentinites with intercalated amphibolites and metasediments. 

Rare sills, layered dunite complexes, and chromite layers are seen. Ultramafic flows are 

also present but do not exhibit pillows or spinifex textures. The middle mafic unit 

contains gabbro and olivine-bearing tholeiitic basalts displaying vesiculation, 

amygdules, and pillows. The uppermost sedimentary unit consists primarily of banded 

iron formations with lesser amounts of quartzite, chert, metagreywacke, schist, and 

conglomerate. Age dating is uncertain, but most of these greenstone belts appear to 

postdate Leonian age deformation (< 2950 my), although some belts in Sierra Leone 

may predate the Leonian tectonothermal event.

The basement rocks were affected by at least two major orogenic events: the 

Leonian (3.5-2.95 Ga) and the Liberian (2.95-2.6 Ga) (Milesi et al., 1989; Wright et 

al., 1985). The end o f Archean evolution in West Africa was marked by the 

synchronous emplacement of plutonic massifs and generation of NNE-SSW to NE-SW  

foliations during late Liberian time. Metamorphic grades range from greenschist to 

granulite facies.



29

B aou le-M ossi D om ain

The remainder of the Man Shield is composed of the Baoule-Mossi domain and 

contains polyphase granite-gneiss complexes (50-60%), sedimentary flysch with 

volcanic and volcanosedimentary rocks (30%), and volcanic-volcanosedimentary 

complexes with intercalated fluviodeltaic sediments that are identified as the Tarkwaian 

in Ghana (10%) (Figure 5). The formation of these units is thought to have spanned the 

period from about 2400 Ma to 1600 Ma The location of the Archean-Proterozoic 

boundary in these rocks has not yet been identified.

The Proterozoic formations of West Africa were first described in the area of the 

Birim River in Ghana by Kitson (1928, in Milesi et ah, 1989), so the succession is 

referred to as the Birimian. Junner (1935, in Milesi et ah, 1989) later subdivided the 

succession into the Lower and the Upper Birimian. Considerable controversy exists in 

the literature as to whether the lower Birimian is overlain or underlain by the upper 

Birimian. Recent age dating indicates that the main phase of Birimian deposition, 

encompassing the lower and upper Birimian units, is underlain by amphibolite facies 

gneisses formed during an earlier Birimian event that is referred to as the Dabakalian 

Event. These rocks are age dated by U-Pb zircon methods at 2186+19 Ma, 2162±19 

Ma by Rb-Sr, and 2141±24 Ma by Sm-Nd methods.

The Lower Birimian (B 1 lithostmctural assemblage of Milesi et ah, 1989,1992) 

was originally described by Junner (1935, in Milesi et ah, 1989) as a predominantly 

sedimentary unit composed of schist and meta-argillite, tuffs, and greywackes. These 

rocks were later intruded by "Cape Coast"-type granite batholiths that are syn-orogenic, 

foliated, peraluminous, I-type batholiths that typically occupy the center of Birimian 

sedimentary basins (Leube et ah, 1990). Despite their peraluminous nature, most basin
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granitoids appear to be juvenile additions to the crust, and though they fall in the I-type 

field they cluster near the I-type/S-type boundary with a few points crossing into the S- 

type field (Leube et al., 1990). Compositions of basin granitoids include minor quartz 

diorite, tonalite, trondjhemite, granodioiite, adamellite, and granite. Foliations in the 

batholiths are thought to be coeval with a high-temperature, low-to-medium-pressure 

metamorphic event. Age dates obtained for "Cape Coast" granitoids are 1984 + Ma 

by Pb-Pb methods, 2216±72 Ma by Rb-Sr, and 2336±203 Ma by Sm-Nd techniques 

(various sources reported in Leube et al., 1990).

Milesi et al. (1989,1992) describe the Lower Birimian, their B1 lithostructural 

unit, as being predominantly sedimentary in character, consisting o f basal tholeiitic 

rocks overlain by tholeiitic volcanosediments and carbonate formations. These rocks 

are interpreted by Milesi et al. (1992) to be part of an early Proterozoic accretionary 

stage composed primarily of Birimian-derived detritus. The Upper Birimian, their B2 

lithostructural unit, has been found to be a highly varied unit containing metabasalt, 

metagabbro, amphibolite, actinolite-chlorite schist, metarhyolite porphyries, chlorite 

schist, tuffaceous metagreywacke, quartzite, foliated conglomerates, and sandstone 

representing roughly 40 my of sedimentation. Intercalated in and overlying the B2 unit 

are the Tarkwaian formations.

Intruded into the Upper Birimian are belt-like plutonic complexes described as 

"Dixcove"-type granitoids that occur as polyphase intrusions that are assumed to post

date "Cape Coast"-type granitoids (Milesi et al., 1989). Dixcove granitoids are late 

kinematic, unfoliated, metaluminous, I-type intrusions with compositions that include 

quartz diorite, tonalite and trondjhemite, granodiorite, adamellite, and minor granite 

(Leube et al., 1990). Age dates for Dixcove granitoids include 2061 ±  by Pb-Pb
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techniques, 1891± 314 Ma and 2106159 by Rb-Sr methods, and 21751145 by Sm-Nd 

techniques (various sources reported in Leube et ah, 1990).

Tarkwaian lithologies include conglomerate, quartzite, arkoses, and minor 

phyllite that represent facies with notable lateral and vertical variability (Leube et ah, 

1990). Clasts in the stratigraphically lowest conglomerates are poorly sorted and 

polymictic indicating short transport and minimal reworking, but sediments higher in the 

stratigraphic sequence include quartz-pebble conglomerates and clean quartzites 

indicating a comparatively high degree of reworking (Leube et ah, 1990). Pebble 

lithologies include granitoids, basalt, rhyolite, tuff, black pyritic chert, carbonaceous 

schist, quartz, Mn-rich rock, and siliceous and hematite bearing homfels. Tarkwaian 

sands exhibit cross-bedding and channel scouring features attributed to shallow water 

deposition (Leube et ah, 1990). Sestini (1976) interprets the Tarkwaian to be a series of 

coalescing alluvial fans deposited in intermontane basins in which conglomeratic layers 

decrease in number and thickness down current. Gold content of the units is related to 

sedimentary features and is most abundant in thin, well-packed framework-supported 

conglomerates containing large pebbles and a hematite-rich matrix. Gold grains appear 

to be in hydraulic equilibrium with the matrix materials but not with the clasts, which led 

Sestini (1976) to hypothesize that placer gold was entrapped in open framework gravels 

that accumulated in channels and point bar margins. Gold deposition occurred primarily 

in main channels and areas of active reworking near the head of fans. Milesi et ah 

(1992) interpret the Tarkwaian formations as fluviodeltaic deposits thought to represent 

clastic basin infill that is syn- to post-calcalkaline volcanism and pre- to syn-D2 

deformation. These formations are intruded by post-Tarkwaian norite, gabbro, 

epidiorite, and diabase, some of which have been dated at 1968+49 Ma by Hirdes et ah 

(1987, in M ilesi et ah, 1989).
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Petrologic work on Birimian volcanics of the Haute-Comoe unit o f NE Ivory 

Coast shows the rocks to be of a T-MORB tholeiite series with intercalations o f calc- 

alkaline andesites and dacites interpreted to have formed in an anorogenic rift setting 

with little crustal contamination (Alric, 1990). Similarly, Utke et al. (1987) suggest that 

the volcanics of the Haute-Comoe region are mantle derived in an oceanic setting. In 

contrast, Utke et al. (1987) observe that the volcanics of the Yaoure basin in central 

Ivory Coast are distinctly bimodal in character consisting of ultramafic to mafic 

compositions followed by intermediate to felsic volcanics containing a large ignimbritic 

component that exhibits both submarine and subaerial depositional characteristics.

These deposits are interpreted to represent stratovolcanos. Utke et al. (1987) consider 

the compositional differences between the Yaoure and Haute-Comoe regions to reflect 

Yaoure's more proximal location with respect to the Archean craton and Haute-Comoe's 

more distal position.

Abouchami et al. (1990) interpret trace element and rare-earth element data for 

Birimian magmas as being closest in composition to oceanic flood basalts although they 

also indicate that back-arc and low Ti continental flood basalts show marginally good 

agreement as well. Archean influence on magma and sediment compositions is minimal 

to non-existent which leads Abouchami et al. (1990) to conclude that Birimian terrane 

formed in ocean basins far from continental influence. They further suggest that 

accretion of immature arcs and their sediments contributed significantly to Proterozoic 

crustal growth.

Examination of the Boussouma gabbroic complex in Burkina Faso by Wenmega 

and Tempier (1989) suggests that the complex also formed in an ocean-continent 

transition zone or an immature rift. Leube et al. (1990) demonstrate that Ghanaian
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Birimian tholeiites show greater resemblance to Archean varieties than Phanerozoic 

ones, although, their comparison of Birimian and Phanerozoic volcanics shows that:

1) Birimian samples show an affinity for rift-related tectonic settings, i.e.. 

MORE and continental rift. Virtually no relationship is shown with collision 

related environments.

2) Birimian magmas can be interpreted as being transitional between TH1 

depleted Archean tholeiite and Phanerozoic MORE or continental basalts. If 

emphasis is placed on the least mobile elements the similarity is much closer to 

MORE than continental basalt.

Similarity of the Ghana Birimian tholeiites to magmas generated in modem mid-ocean 

and back-arc rift settings does not imply an identical tectonic setting, although it does 

appear that the Birimian tholeiites did form in a tension-related environment and that the 

bulk of these magmas exhibit degrees of depletion comparable to Phanerozoic ocean 

floor basalts (Leube et al., 1990). Chondrite normalized rare-earth element patterns are 

generally flat with a few showing moderate LREE enrichment characteristic of 

continental basalts. Leube et al. (1990) suggest that the varied continental signature may 

indicate emption through progressively attenuated continental crust.

Sm-Nd model age dates for basin sediments range from 2.01 Ga to 2.31 Ga, 

differing little from the 2.06 to 2.15 Ga Sm-Nd model ages reported by Abouchami et 

al. (1990) and Boher et al. (1992) for volcanics throughout the Birimian. U-Pb ages for 

detrital zircons from clastic sediments range from 2098±11 Ma to 2125±17 Ma (Boher 

et al., 1992) and are comparable to Sm-Nd ages. Comparison o f least mobile element 

ratios indicates that sedimentary basin and volcanic belt pyroclastics have the same 

source (Leube et al., 1990). Chemical similarity and indistinguishable age differences 

have lead numerous authors to propose that the Birimian represents a short but intense
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period of crustal growth during which voluminous juvenile additions were made to the 

west African craton (e.g.: Leube et al., 1990; Abouchami et ah, 1990; Boher et al., 

1992).

Leube et al. (1990) view the lithologies of the Birimian as being lateral facies 

equivalents generated in and derived from greenstone belts and propose an idealized 

series of lithofacies progressing from the center of a volcanic belt to the center of an 

adjacent sedimentary basin (Figure 5) that include laterally successive belts of: 

-volcanics/volcaniclastics 

-turbidite related wackes 

-volcaniclastics/argillites 

-argillites/volcaniclastics 

-argillites

Chemical sediment facies occur at the transition between belt volcanics and basin 

sediments, that is, in the volcaniclastic/argillite and argillite/volcaniclastic facies. 

Chemical sediments include chert, Mn-rich rocks, Ca-Fe-Mg-rich carbonates, carbon- 

rich rocks, and sulfur-rich rocks. Leube et al. (1990) envision a depositional 

environment for Birimian volcanic and sedimentary rocks characterized by parallel to 

subparallel chains of volcanic islands with intervening sedimentary basins that were 

several hundred kilometers wide and a few hundred meters deep. Volcanoes discharged 

flows and coarser tephra into a shallow water environment where reworking of deposits 

occurred. Finer tephra was deposited directly into the basins. Local interaction of 

tectonics and volcanism may have independently generated any facies in a particular 

basin at any time. Periods of pronounced volcanism lead to the development of volcanic 

islands and ridges and transgressions of fragmental and pyroclastic rocks. Slumping of 

submarine deposits generated turbidite deposits, and during times of quiescence the
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background argillaceous sedimentation predominated. This depositional environment is 

interpreted by Leube et al. (1990) as developing in an intracontinental rift based on:

1) a major short-lived period of Ebumean granitoid emplacement in Ghana 

(2127-2081 Ma)

2) lack of lateral geochemical variation across the Biiimian granitoid terrane i.e. 

no successive lateral development from M-type to I-type to S-type granitoids

3) symmetrical sedimentary facies and mineral deposit distribution within 

sedimentary basins

4) no suturing parallel to sedimentary basin margins marked by alignments of 

mafic or ultramafic rocks indicative of ancient Benioff zones

5) the relative abundance of tholeiites

6) the MORB-affinity of the tholeiites

7) the tholeiitic differentiation trend

8) the coexistence of basalts with flat REE patterns and LREE enriched patterns 

within volcanic belts demonstrating "continental signatures" of varying degrees.

The evolutionary model for the Birimian favored by Leube et al. (1990) has five 

stages occurring in an intracontinental setting:

Stage I (early Birimian):

"Beginning of attenuation and fracturing of Archean sialic crust by a small-scale 

convective system in the upper mantle.

"Development of a parallel, evenly-spaced fracture pattern.

Stage II:
"Progressive attenuation to near-complete destruction of sialic crust.

"Rifting at sites of previous fracturing.

"Rise of tholeiitic lavas in rifts.
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Stage HI:

°Accumulation of large volumes o f volcanics.

"Formation of volcanic ridges.

"Growth of volcanoes above sea-level and deposition of volcanic-derived 

sediments in slowly subsiding basins.

Stage IV:

"Termination o f volcanic activity.

"Exertion of lateral compression by two counteracting sialic blocks.

"Crustal shortening by folding

"Emplacement of syn-orogenic "Cape Coast" granitoids into basin sediments. 

"Emplacement of late-orogenic "Dixcove" granitoids into volcanic belts.

Stage V (late Birimian):

"Reactivation of rifting.

"Formation of intramontane basins in volcanic belts.

"Infilling of basins with clastic sediments derived from nearby Birimian rocks. 

"Gravity deformation of Tarkwaian sediments.

"Emplacement of mafic sills and post-Ebumean K-rich granitoids.

Bard (1974, in Milesi et al., 1989) inferred the existence of two successive 

orogenic cycles during Birimian time that he termed the Ebumean 1 and the Ebumean 2 

(Figure 4). Lemoine et al. (1985) later coined the term 'Burkinian' to distinguish 

between the thrust-style tectonics of the Ebumean 1 cycle and the sinistral strike slip 

tectonics of the Ebumean 2 cycle. The Burkinian cycle is believed to have occurred 

from 2250 to 2150 Ma, while the Ebumean cycle occurred from 2150 to 1850 Ma The 

Burkinian deformational cycle occurred between the deposition of the Lower and Upper 

Birimian. Milesi et al (1989) indicate that three deformational phases occurred during 

Birimian time. The first event, D1 (~ 2.1 Ga), is characterized by strong collisional 

tectonics and thrust faulting between the Archean Kenema-Man block and the Lower 

Birimian and is identical to the Ebumean 1 of Bard (1974) and the Burkinian of



Tectonic Context Mineralization
Type Metals Ore Mineralogy Host Rocks Lithologies Structural

Timing Genesis Example (Locality)

Pre-orogenic

Strataform Mn Martite, Mn carbonates, Mn oxides 
(secondary)

Upper B1 
primarily

Schist, phyllite, quartzite, 
gondite, carbonates transitional 

to siliceous beds, volcaniclastics, 
turbidites, graphite black shales

Pre-Dl Chemical or hydrothermal
Nsuta (Ghana), Tambao 

(Burkina Faso), 
Zidmougoula (Ivory Coast)

Strataform (BIF) ± 
metamorphosed to 

skam
Fe (Cu)

Magnetite-diopside-phlogopite; 
magnetite-serpentine; magnetite- 

diopside; ± sulfides (associated with 
magnetite)

Uppermost B1 Carbonates ± acid volcanics Pre-Dl
Uncertain, possibly 
chemical sediment, 

exhalative, or volcanogenic
Fal6m6 (Senegal)

Massive Sulfide Zn-Ag

Sphalerite, pyrite, pyrrhotite ± 
galena,chalcopyrite,tetrahedrite, 

magnetite, ilmenite, molybdenite, 
barite

Lower B1 Metagreywackes ± 
volcanosediments Pre-Dl Volcanogenic Perkoa (Burkina Faso)

Type 1 Au Au Au on pyrite ± pyrrhotite, pentlandite, 
gersdorffite, arsenopyrite B1 Tourmalinized turbidites Pre-Dl Sedimentary exhalative Loulo (Mali)

Syn-orogenic Type 2 Au Au + Cu

Pyrite, chalcopyrite ± pyrrhotite, 
pentlandite, magnetite, sphalerite, 

cubanite, bravoite, linnaeite, Bi/Ni/Hg 
tellurides

B2 Tholeiites and intrusions Post-Dl, Pre- 
D2 Hydrothermal/multi-stage

Yaour6 (Ivory Coast), 
Syama (Mali)

Type 3 Au Au Au + Fe oxides (especially in higher 
grade ores)

B2 and Banket 
Formation

Quartz-pebble conglomerates 
and sandstones

Syn-D2 to 
Post-tectonic Placer Tarkwa (Ghana)

Late-orogenic Type 4 Au Au Au-bearing arsenopyrite Generally B1 
Sediments

Argillite, greywacke, epiclastics, 
chemical sediments (Mn, Si02) Syn-D2/D3 Mesothermal vein/shear

Ashanti (Ghana), Prestea 
(Ghana), Asupiri (Ivory 

Coast), Sanoukou (Mali)

Type 5 Au Au (Pb,Cu,Zn) sulfides, Cu-Ag sulfosalts B1/B2
Meta sediments, 

sandstones/conglomerates, 
granite

Late D2/D3 
brittle-ductile 

transition

Mesothermal/epithermal
veins

Poura (Burkina Faso), 
Kalana (Mali), Banora 

(Guinea), Sabadala 
(S6n6gal)

Table 1: Summary of mineralization in the Birimian from Milesi et al. (1989, 1992).
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Lemoine et al. (1985, in Milesi et al., 1989) (Figure 4). Milesi et al. (1989) indicate that 

the suture is oriented roughly east-west along the northern margin of the Kenema-Man 

block. The second event, D2, is equivalent to the Ebumean 2 of Bard (1974, in Milesi 

et al., 1989) and is characterized by N-S to NNE-SSW sinistral strike-slip faulting and 

localized SE verging thrust faulting. D3 is a third event characterized by folding and 

NE-SW dextral strike slip tectonics that, though poorly dated, appears to have occurred 

between 2120 Ma to 2065 Ma Milesi et al. (1989,1992) indicate that D2/D3 

deformation correspond to a new compressive phase that effected the entire Bidmian 

series. Notably, the ages of the three tectonic phases outlined by Milesi et al. (1989, 

1992) indicate synchroneity between the individual tectonic events that could be 

interpreted as a monocyclic evolution rather than a polycyclic one. From Figure 4 it is 

apparent that the timing of tectonic events in the Proterozoic as described by Gaal (1992) 

are at odds with the timing of Milesi et al. (1989, 1992). Chronological constraints for 

the Bidmian are incomplete, but the compilation of Milesi et. al (1989,1992) indicates 

that the Paleoproterozoic cycle of Gaal (1992) may have ended around 2.1 Ga with the 

onset of the D1 compressional event, rather than at 2.0 Ga

Milesi et al. (1989, 1992) divide the mineralization of the Birimian into Pre- 

orogenic (pre-Dl), Syn-orogenic (post-Dl to syn D2/D3), and Late-orogenic groups 

(post-peak D2/D3) (Figure 4). A  summary of the mineralization characteristics of these 

groups is provided in Table 1. Pre-orogenic mineralization includes a single Zn-Ag 

massive sulfide deposit at Perkoa, strataform Fe(Cu) (e.g. Faleme), strataform 

manganese (e.g. Nsuta, Tambao), and strataform Au-tourmalinite (Au type 1: e.g. 

Loulo). Syn-orogenic deposits consist of Au type 2 (disseminated Au-sulfide) 

orebodies hosted by B2 lithologies (e.g. Yaoure), and gold-bearing paleoplacers 

deposited in B2 extensional zones or syn-D2 transtensional zones (Au type 3; e.g.
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Tarkwaian Banket conglomerate). Late-orogenic mineralization is predominantly type 4 

Au mineralization characterized by quartz lodes and shear zones containing disseminated 

gold-bearing arsenopyrite (e.g. Ashanti), but also includes type 5 Au mineralization 

characterized by free-Au-bearing quartz veins with distinctive Cu-Pb-Zn-Ag-Bi trace 

element chemistry. Most gold in West Africa is obtained from the Late-orogenic 

mineralization types (primarily type 4 Au deposits) (Milesi et al., 1989,1992). 

Mineralization at Belhoura is classified as type 5 Au found in quartz lodes containing 

native sulfides. Other deposits in the category include Poura and Feto Kole in Burkina 

Faso and Kalana in Mali. Belhoura mineralization is tentatively identified as being 

hosted by the lower Birimian, B1 assemblage, and is listed as D2 to post-D2 with 

respect to Birimian structural evolution (Milesi et al., 1989).

Very little work has been published on the study area. Ducellier (1963) 

published a study o f the rocks of central and northern Burkina Faso. Figure 6 shows 

the distribution of lithologic units in and around the study area as mapped by Ducellier. 

The Bureau Des Mines et de la Geologic du Burkina (BUMIGEB) has incorporated 

Ducellier's work into a 1: 1,000,000 scale geologic map of Burkina Faso (Hottin and 

Ouedraogo, 1975). The two principal units in the study area are described by Ducellier 

(1963) as a post-tectonic calc-alkaline granite and a sedimentary unit consisting of 

argillaceous schists (shales), tuffaceous schists, and ferruginous quartz phyllites. 

Ducellier maps the quartz bodies studied here as veins located within the sedimentary 

unit. The youngest unit of the area consists of alluvial deposits and stabilized sand 

dunes and will not be discussed further.
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E ffects o f W eathering

Weathering in west Africa is well advanced to extreme and extends to depths of 

30m or more. French scientists (Boulange and Millot, 1988) document what they 

interpret to be five major episodes of intense weathering. Each episode produced a 

ferruginous to bauxitic duricrust or cuirasse at the contemporary surface. The five 

surfaces have been named (from oldest to youngest) the African surface, the 

intermediate glace, the haute (uppermost) glace, the moyen (middle) glace, and the has 

(lowermost) glace. Since younger duricrusts form below the older crusts, the 

stratigraphy is inverted from that typically found in undisturbed sedimentary packages. 

The study area is covered by the has and moyen glaces.

The cuirasses (glaces) are differentiated by their constituent materials, 

particularly distinct assemblages of bauxitic, hematitic, and goethitic pisoliths. The 

African surface no longer exists, but is inferred from the presence of bauxitic pisoliths 

in the ferruginous intermediate glace that must have been derived from a bauxitic rather 

than lateritic terrane. Quartz bodies always protrude through the has glace, and rubble 

derived from them is generally coarse (Figure 7), but those penetrating the moyen glace 

tend to be less pronounced in outcrop, have a well developed dispersion trail of 

degraded material, and are generally 'bent over' near the surface due to gradual sagging 

promoted by volume loss in the wall rock as constituents are removed during 

weathering (Figure 8) (Grandin, 1990, personal communication). Areas covered by the 

haute and intermediate glaces no longer show surficial evidence of quartz bodies present 

below the cuirasse.
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Figure 7: Quartz body BSF10 protruding through the moyen glace or middle 

cuirasse. Note its low relief and the coarse rubble derived from it. Body is 1 meter 

wide. Looking north.

Figure 8: Exposure o f quartz body BEF2 in trench 18-85. Note how the body is bent 

over by weathering-induced volume loss in the enclosing sediments and the dispersion 

trail o f weathered material in the uppermost soil horizon. Hammer handle is 45 cm long 

(18 inches), photo faces north.
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M ETH O D S OF STU DY

Methods employed to investigate the geology and gold resources of the Belhoura 

region include aerial photographic study in conjunction with field mapping and 

structural analysis, petrographic and geochemical study of the quartz bodies, and 

scanning electron microscopy of gold, sulfides, and heavy minerals extracted from 

samples of the quartz bodies. Aerial photographic study, field mapping, and structural 

analysis were used to provided detailed geology of the study area, and to elucidate the 

relationships between the quartz bodies, their host rocks, and the structures o f the study 

area. Petrography was used to determine whether granular to glassy textural variation in 

the quartz bodies is related to their mode o f genesis and whether these variations are 

related to the gold they host. Lithologic identification was also aided by petrographic 

study. Geochemistry and scanning electron microscopy were employed to determine 

whether the gold contained in the quartz bodies was introduced by sedimentological, 

hydrothermal, or supergene processes, or some combination of the three.

F ield  W ork

Field work was performed during November and December, 1990. The Bureau 

Des Mines et de la Geologic du Burkina (BUMIGEB) graciously allowed use of their 

facilities at Belhoura as a base camp which greatly facilitated this aspect of the study. 

Aerial photographic control allowed mapping of field relationships between quartz 

bodies, host rocks, and structures, and proved an invaluable aid in deciphering the 

complex and poorly exposed geology. Outcrops are rare, well under 0.1% o f the study 

area, and when present tend to be intensely weathered, often to a saprolitic state or
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worse. The vast majority of the area was mapped on the basis of float or other 

distinctive remains, such as the accumulation of coarse-grained quartz over granite. 

Despite the generally poor condition of outcrops, it was nonetheless possible to discern 

a number of primary features.

Vegetation proved useful both in delimiting structures and lithologies and in 

providing geographic control during mapping. The seasonal nature o f precipitation in 

the area appears to encourage the heartiest phreatophyte vegetation growth over zones of 

higher permeability. Baobab trees, a huge water-hoarding species, are prominent along 

several major structures and provide reliable landmarks once they are accurately 

mapped. Dense scrub brush grows in a distinctive polygonal pattern on granite that is 

clearly visible on aerial photographs (Plate 1). Presumably, the pattern is due to a 

polygonal fracture pattern developed in the underlying granite that acts as a system of 

ground water reservoirs and conduits providing the scrub with additional water during 

the dry months.

Lithologies

Poor exposure and advanced weathering proved to be a severe hindrance to 

unraveling the geology. Two extensive units are identified in the Belhoura-Souma 

region, one igneous and one sedimentary. The igneous unit, informally referred to here 

as the Belhoura tonalite, covers the eastern portion of the study area. It is a gray, 

medium to coarse-grained, equigranular to slightly porphyritic quartz diorite to tonalite 

with an approximate modal composition of 65% plagioclase, 25% blue-gray quartz, and 

10% biotite (Figure 9a). Where potassium feldspar is present the pluton approaches 

granodiorite composition (Figure 9b). Xenoliths of a finer grained analog are present in



Figure 9a: Belhoura tonalite.

Figure 9b: Belhoura tonalite containing potassium feldspar.
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Figure 9c: Photomicrograph o f Belhoura tonalite showing weakly sericitized 

plagioclase with a clot o f clinozoisite and calcite. Bar is 0.5 mm long. PI = plagioclase, 

Cz = clinozoisite, Cc = calcite, Se = seiicite.

Figure 9d: Photomicrograph of coarse-grained sericite in a recrystallized plagioclase 

rim in the Belhoura tonalite. Compare the grain size with that of the sericite in the 

crystal core. Coarse sericite probably increased its grain size during metamorphic 

recrystallization of the plagioclase rim. Bar is 0.1 mm long. PI = plagioclase, RP1 = 

recrystallized plagioclase, Se = sericite.





51

Figure 9e; Felted mass of recrystallized biotite containing plagioclase, calcite, and 

clinozoisite. Bar is 0.1 mm long. PI = plagioclase, Cc = calcite, Cz = clinozoisite. 

Figure 9ff: Drill core o f deformed Belhoura tonalite recovered near quartz body BSF1. 

Note well developed S-C and C  mylonite fabrics indicating right-lateral shearing. Near 

parallelism of the S and C fabrics and the presence of a C  fabric are features indicative 

of extreme shearing.
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some outcrops. In thin section, quartz is idiomorphic with embayed and corroded 

boundaries, and may be fractured and show undulatory extinction. Quartz grains are up 

to 5 mm in diameter. Plagioclase is idiomorphic, fresh to intensely altered, and ranges 

in size from 0.1 mm to 7 mm. Alteration products include microcline/orthoclase, 

calcite, clinozoisite-zoisite-epidote, and sericite. All plagioclase compositions fall in the 

oligoclase range, however, fresh plagioclase has a composition of approximately An2 5 - 

3 0 , and altered crystals have one of approximately A ni3 _i5 . Fresh crystals typically 

have a light dusting of fine-grained sericite and sharp albite twins. Altered plagioclase 

contains abundant coarse-grained sericite and is often replaced by calcite and epidote- 

family minerals. Altered grains can have sericite-free twinless rims with low A ni3 -i5  

compositions (Figure 9c). Plagioclase being replaced by potassium feldspar may show 

vestigial albite twins or the incipient "tartan" twins characteristic of microcline, take a 

yellow sodium cobaltinitrate stain, and is typically in contact with calcite (Figure 9d). 

These altered grains may also contain small amounts of fine- to coarse-grained sericite. 

Biotite is green to greenish brown in plane light and strongly pleochroic. Crystals range 

from 0.1 mm to 4 mm in size and also occurs in fine-grained felted patches that may 

contain quartz, calcite, plagioclase, and clinozoisite/zoisite as well. Biotite alters to 

sericite, muscovite+calcite, and zoisite/clinozoisite+chlorite. Clinozoisite replaces 

fresher biotite along lattice sheets, and zoisite/clinozoisite can also be seen surrounded 

by a fringe of biotite that is itself surrounded by chlorite (Figure 9e). Sericite 

replacement usually occurs around biotite crystal edges. Minor amounts of apatite may 

be associated with the biotite.

The tonalite appears to be structurally isotropic in areas away from major cross

cutting shear zones, and on the hand sample to outcrop scale the degree o f alteration 

does not appear to vary much with proximity to major shear zones. In shear zones,
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Figure 10a: Laminated to thinly laminated siltstone. Note alternating red and ochre 

colored lamina.

Figure 10b: Shale recovered from core drilled near quartz body BSF1.
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Figure 10c: Chert sample taken near quartz body BSF10. White strip is 1 inch wide.
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Figure 11a: Tourmalinized sediments near quartz body BEF1. Note the extensive 

veining indicating a high silica content in the altering fluids.

Figure 11b: Sawed section of tourmalinized sediments. Note relict laminae visible

below the scale (arrows).
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ductile fabrics (Figure 9f) may be overprinted by more brittle features, generally fracture 

planes paralleling the zone. Outcrop exposure is generally better in the shear zones than 

away from them, suggesting greater resistance to weathering. The granitoid is 

topographically subdued and poorly exposed. It is typically covered with thin lag 

deposits of coarse-grained quartz, but is rarely overlain by an obvious cuirasse. 

Vegetation is typically better developed over the tonalite than it is over the sediments.

No radiometric age date exists for the pluton.

The sedimentary unit is predominantly composed of thin-bedded (1-5 mm) 

siltstones (Figures 10a and 10b), black shales, and 5-20 cm beds of dark gray to black 

cherts (Figure 10c). Siltstones are weathered to tan, ochre, and hematite red colors.

The chert beds are from 5 to 20 cm. thick and occur at spacings o f roughly 10 to 50 cm. 

in the siltstone/shale sequence. Areas of extensive tourmalinization are observed in 

some localities, namely in the vicinity of the BEF quartz body group (Figures 1 la, 1 lb) 

and most notably at Feto Kole.

Horizons high in chert (up to 40% of rock volume) are expressed as slightly 

elevated ridges strewn with blocky chert rubble. Where exposed in trenches, the chert 

beds are complexly folded and crumpled with fold axes aligned subparallel to the 

approximate strike of bedding. Despite the disruption, individual chert beds are often 

traceable within the confines of the trenches (Figures 8 and 12a) and along surface 

exposures for short distances. Relatively less chert is observed in areas of sediment 

tourmalinization and in shear zones. Bedding generally strikes N to NW  with thick- 

bedded units dipping 70o-90°, both east and west. Stratigraphic top data is very rare and 

equally vague, but channel morphology and possible crossbeds in quartz body BEF 2 

suggest that stratigraphic up is to the west.



61

Figure 12a: Lensoid channel-like structure in quartz body BEF2 trench 18-85. Photo 

is facing south. Lens shape suggests that stratigraphic up is to the west.

Figure 12b: Laminae in the channel structure of Figure 12b. Note how laminae 

pinch out from bottom to top of photo.
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Figure 12c: Second channel-like structure in quartz body BEF2 with a shape that 

suggests stratigraphic up is to the west. Photo is facing south. Hammer is 18 inches 

long.

Figure 12d: Crossbeds on weathered surface o f quartz body BEF2.
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Figure 12e: Bedding in quartz body BEF2. Photo is facing north. Hammer is 18 

inches long.

Figure 12f: Bedding in quartz body BEF2. Photo is facing north. Hammer is 18 

inches long.
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Within the sedimentary unit are quartz bodies that appear to be concordant with 

the enclosing argillaceous sediments (Plate 2). They are from <1-4 meters thick and up 

to 750 meters in length. Color varies from buff to ochre to greenish gray and black 

depending on degree of weathering and iron content. Texture varies from granular and 

slightly friable to massive and glassy. The fine and even grain size makes unequivocal 

hand lens evaluation difficult, but features similar to compacted channels (Figure 12a), 

bedding pinch-outs (Figure 12b), clayey partings (now micaceous) (Figure 12c), 

crossbeds (Figure 12d) and bedding (Figure 12e and f), stylolitic surfaces (?), and 

possible gypsum (?) molds up to 1 cm are visible. Recrystallization and cementation 

have also destroyed much of the original texture of the rock. Detailed grid mapping by 

Jean Frederic Somdah of BUMIGEB demonstrates that several quartz bodies terminate 

by interfingering with the pelitic wallrocks (Somdah, 1990 personal communication). 

Some quartz bodies contain hairline streaks, pods, and bands of felty textured 

tourmaline up to 2-3 cm thick and small clusters of acicular radiating crystals. 

Tourmaline bands are short (< 1 meter), folded or sheared, and occur primarily on the 

margins of the quartz bodies (Figure 13) in association with glassy quartz and minor 

sulfides, typically pyrite. White clayey material may be found interstitial to tourmaline 

grains.

Several quartz bodies lie in or near shear zones identified on aerial photos as 

linear elements and confirmed on the ground by deformation, structural fabrics, and 

vegetation alignments. The BEF quartz bodies lie adjacent to a NNW-trending fault, 

referred to herein as the Souma fault, and a second larger NW-trending fault, referred to 

herein as the Yalanga fault. The Yalanga fault lies immediately south of the study area 

(Plates 1 and 2). Quartz bodies BSF 1, BSF 2, BSF 4, and BSF 16 lie in the Souma 

fault zone. BSF 10 lies in a N-S trending fault zone near Darga, referred to herein as
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Figure 13: Tourmalinized margin of quartz body BEF2. Hammer on left side o f  

photo is 45 cm long (18 inches).

Figure 14a: Quartz veining crosscutting quartz body BEF2.
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Figure 14b: Weathered sample of quartz body BEF2 showing silica leaching near 

fractures. Light gray is leached rock, middle gray is still silicified, darkest gray is Fe- 

oxide staining.

Figure 14c: Weathered sample of quartz body BEF2 showing silica leaching near 

fractures. Light gray is leached rock, middle gray is still silicified, darkest gray is Fe- 

oxide staining.
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Figure 15a: Photomicrograph of granular quartz adjacent to a micaceous parting in 

quartz body BEF2. Bar is 0.5 mm long.

Figure 15b: Photomicrograph o f ribboned quartz from a glassy portion o f quartz 

body BEF2. Ribboning indicates a high degree o f shear induced strain. Bar is 0.5 mm  

long.
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the Darga fault. Additional quartz bodies are also located further to the south along the 

Darga fault near Mormossol (MMS samples), and just west of the Darga fault near BSF  

10 but do not appear to be directly associated with it. Several additional groups of N-S 

trending quartz bodies are located north of the study area around the village of Souma 

(SMA samples), and to the east of the field area at the village of Feto Kole (FK 

samples). Additional samples were also obtained from quartz bodies near the village of 

Inata approximately 30 km west o f Belhoura (Sona samples).

Varying degrees of silicification are also apparent in some quartz bodies. The 

best example o f this phenomenon is visible in quartz body BEF2. At its north end, it 

has the granular appearance of an unsilicified quartzite. Introduced silica varies along 

the 750 m length of BEF 2 and is present both as discrete veins (Figure 14a) and more 

pervasive flooding. Some silica variation is apparently due to leaching during 

weathering that tends to be concentrated near fractures and exposed surfaces (Figure 

14b and c), but glassy and granular patches are also observable on fresh exposures 

unassociated with fractures or other avenues accessible to weathering fluids (Figure 

14c). Smaller granular regions also occur further south along BEF 2 in an irregular 

distribution. Silica content also varies from the margins of BEF 2 to its core, and zones 

of increased silica content can be clearly recognized in outcrops and hand samples by 

gradation from a glassy to granular appearance (Figure 14d). In thin section, glassy 

quartz often demarcates zones of high strain containing ribboned and polygonized grains 

(Figures 15a and b). A glassy texture, however, is not categorically indicative of high 

strain regions. As with the tourmaline bands, high strain regions generally occur in the 

margins of the quartz bodies, but also as localized zones in their interiors.

A second thick-bedded lithology, probably the ferruginous quartz phyllite of 

Ducellier (1963), occurs in the sedimentary unit as beds 0.5-lm  thick that have a thinly
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Figure 16a: Outcrop of ferruginous quartzitic volcaniclastic bed near quartz body 

BSF10. Beds like these are probably the quartzitic phyllites of Ducellier (1963). Bed is 

0.75 meters thick. Photo facing north. Dark mesa in distance is the cuirasse at the 

village Souma that lies just east of the cuirasse.

Figure 16b: Sawed handsample of the epiclastic bed in Figure 16a.
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Figure 16c: Fresh sample of a lithology similar to the bed in Figure 16a recovered 

from drill hole 28 near BSF1.

Figure 16d: Fresh sample of a lithology similar to the bed in Figure 16a recovered 

from drill hole 28 near BSF1.
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Figure Me: Photomicrograph of the core sample in Figure 16c. Note rounded grains 

and rock fragments. Dark bands may be carbonaceous material. Bar is 0.5 mm long. 

Figure Mff: Photomicrograph of rounded rock fragments in sample shown in Figure 

16d. Bar is 0.1 mm long.
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laminated appearance on fresh surfaces and commonly contain fine grains o f well- 

rounded quartz (Figure 16a and b photos of quartz phylhte). Outcrops are always 

covered with a heavy iron oxide crust, but broken surfaces are tan, phyllitic, and lightly 

speckled with 2-3 mm spots of hematite. Unfortunately, advanced weathering obscures 

other primary textures. Outcrops of the laminated unit typically occur as dismembered 

fragments or groups of fragments 10-50 meters in length in or near shear zones. These 

fragments normally show signs of shearing and may be stacked side by side in a 

telescoped or en echelon fashion with near vertical dips. One particular cluster o f  

’ fragments lies about 1 km east of the Darga cuirasse and strikes 340o-350°. The axis of 

the stack trends 295°. Longitudinal fracturing of the bed indicates that the trend of the 

deformation zone containing the bed lies sub-parallel to the strike of the bed. Motion 

parallel to the Darga fault, however, is inconsistent with the orientation and offset of the 

bed fragments.

Figure 16e and f  are photomicrographs of fresh lithologies taken from core 

recovered from drill hole 28 spudded near BSF1 with a bearing of 090° and inchnation 

of 050°E. The samples in Figure 16e and f  were recovered at depths of 32.1 meters and 

99 meters respectively. B SFl-S28-32.in i (Figure 16e) is thinly laminated and contains 

quartz and potassium 0.3-0.5 mm feldspar grains. Relict fine-grained rock fragments 

are commonly observed, and dark streaks of possibly carbonaceous matter are observed 

lying parallel to lamina. Quartz typically has undulatory extinction and often displays 

pressure shadow growth consistent with right lateral shearing. Feldspars commonly 

show orthogonal fracture patterns, but generally lack pressure shadows.

Metamorphism is very low grade in the prehnite-pumpellyite facies. The relict rock 

fragments and high iron content of weathered equivalents suggest that these lithologies 

represent volcaniclastic and epiclastic volcanic units.
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Structural Geology

Mapping and aerial photo interpretation revealed a complex structural pattern in 

the Belhoura-Souma area (Plate 2). The region is cut by a system of NNW -SSE, N-S, 

and possibly E-W faults . A major NW-SE trending fault, the Yalanga fault, is visible 

on Landsat imagery and aerial photographs and is the principal structure in the region.

It lies 2 km south o f the study area and is followed for a distance by the major 

ephemeral drainage in the area that passes near Belhoura and Mormossol.

Prominent N-S structures are present at Feto Kole, along the west margin of the 

Belhoura tonalite, referred to herein as Souma East fault, near the west boundary of the 

study area at Darga, and immediately west of the field area where the major ephemeral 

river o f the area turns to the north. Topographic maps, aerial photos, and Landsat 

imagery indicate that similar N-S structures appear to occur along the Yalanga fault at 

roughly 4-5 km intervals. Deformation along the Darga and Souma East faults is both 

brittle and ductile as indicated by breccias, mylonites, and folded quartz stringers.

The Souma East fault has a right lateral sense of motion as determined from drag 

features on aerial photos and from mylonites in the fault zone. Kinematic indicators for 

the Darga fault include drag folds and a contorted quartz stringer in the shear zone. The 

drag folds lie roughly 1 km north of quartz body BSF 10 and the Darga cuirasse along 

the fault (Figure 17). The folded horizon is a 15 cm chert bed that has been dragged 

into a series of small, parallel, low amplitude, open folds with axes trending 295o-300° 

and vertical axial planes. A series of 10-20-meter-long patches of chert rubble are 

located near these drag folds, and have orientations parallel to the drag fold axes. The 

patches extend for roughly 100 meters along the east side of the fault zone, and 

identically oriented patches lie roughly 1 km west across the shear zone. These chert 

patches are considered to be poorly exposed fold crests that have been disrupted by
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photographs. Inset shows structural "panels" explained in text.
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Veins with proper orientation

Axis of Array

Figure 18: Schematic representation of the vein array located approximately 1 km SSE 
of the southern end of quartz body BSF 16. Comparison with Reidel structures formed by 
N-S oriented right-lateral shearing (inset) shows the array to parallel the P shear direction, 
and the veins to have P, R, and R' Reidel shear orientations as is consistent with N-S 
directed right-lateral shearing, and motion on the Souma fault. Their consistent orientation 
with respect to the hypothesized shear couple is taken as evidence of their genesis as 
tension-gash veins rather than as sediments.
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volume loss during weathering. The location and orientation of the folds and chert 

patches with respect to the fault are consistent with right lateral movement.

The well developed NNW-SSE trending Souma fault skirts the Belhoura tonalite 

running roughly on a line between the villages of Belhoura and Souma W ell developed 

S-C and C  mylonites are observed in tonalite samples recovered from BUMIGEB drill 

core (drill hole 17) recovered near quartz body BSE 1 (Figure 9f). The hole was 

spudded 400 m east of quartz body BSE 1 and was drilled on a bearing of 270° with an 

inclination of 50° to a depth of 330 meters. The sample was recovered from a depth of 

25.5 meters. The mylonites contain a sub-vertical foliation with sub-horizontal 

lineations and indicate right lateral motion on the structure. The Souma fault appears to 

be offset by the Souma East fault in the southern part o f the area. An extensive tension 

vein array is developed 0.5 km east of and parallel to, the Souma fault. The north end 

of the array lies 1 km SSE of the south end of quartz body BSE 16 (plate 2, Figure 18). 

Seventeen glassy white veins are mapped over roughly 0.5 km along an axis trending 

340°. Most of the veins trend 040° but other orientations are also seen (Figure 18).

Vegetation patterns visible on aerial photos form well defined E-W lineaments 

that may be due to underlying structures (Plates 1 and 2). The most prominent linear 

lies 2-3 km south of Souma Additional E-W linears lie roughly 6 km north of the Darga 

cuirasse and along the north end of the BEE quartz bodies. The existence of structures 

in these locations could not be convincingly demonstrated on the ground.

Signs o f high strain are evident on aerial photos, particularly in the vicinity of 

the Yalanga fault. The BEE quartz bodies, lying at the south end of study area, are 

measurably contorted into sigmoidal forms, and other drag patterns visible on aerial 

photos indicate a zone of extreme deformation at least 2 km wide north of the Yalanga 

fault trace (Figure 17 and Plate 1). Evidence of folding is generally vague with the
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exception of the small drag folds associated with the Darga shear. Other indicators of 

possible folding include a small outcrop of what may be cleavage pencils located 

approximately 0.5 km W  o f the north end of quartz body BSF 16, a curious arcuate 

drainage pattern visible on aerial photos near quartz body BSF 10, and a pair of chert- 

rich horizons located between quartz bodies BSF 10 and BSF 1 that arc in a pattern 

similar to the drainages noted above. The pencil cleavage, drainage patterns, and curved 

chert horizons may be surficial manifestations of a large but poorly exposed drag fold 

with an E-W oriented, E plunging axis lying adjacent to the Yalanga fault zone. If so, 

the cleavage outcrop would lie on the north limb o f the fold nose, and the drainage 

patterns and chert horizons would outline the fold nose.

M icro sco p y

Heavy Mineral Separates

Observation of granular textures, features resembling sedimentary structures, 

and areas o f silica flooding and veining in some quartz bodies, as well as their exclusive 

occurrence in the sedimentary unit, brought the prevailing interpretation of the quartz 

bodies as mesothermal veins into question. Sedimentary petrological and microscopic 

techniques were applied to 15 samples to test the hypothesis that some of the quartz 

bodies were misidentified as veins by earlier workers, and that they may actually be well 

sorted, fine grained, mature sandstones as suggested by the features described above. 

Techniques used include separation of heavy minerals from the rejected -1/4 inch splits 

remaining from samples analyzed for geochemistry, petrographic confirmation of heavy 

mineral presence in thin section, and examination of the minerals with the SEM. The 

-1/4 inch splits were crushed in a steel plate disc mill to -20 mesh and washed on a
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Figure 19a: W ell rounded heavy mineral grains extracted from sample BSF1-T6-86- 

R. Bar is 0.5 mm long.

Figure 19b: Well rounded heavy minerals recovered from sample BEF2-T18-85-1.

Bar is 0.5 mm long.
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Figure 19c: W ell rounded heavy minerals recovered from sample SMA-90-2. Bar is 

0.5 mm long.

Figure 19d: Well rounded heavy minerals recovered from sample BSF16-T14-90-

E4. Bar is 0.5 mm long.
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Figure 19e: Grain with diamond-like appearance and ruby-red inclusion recovered 

from sample BSF16-T14-90-E5 (photo center). Bar is 0.1 mm long.
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Figure 19f: Slab of quartz body BEF2 showing partings with which heavy minerals 

and Au are associated (dark streaks).

Figure 19g: Photomicrograph of heavy minerals near a micaceous parting (arrows).

Bar is 0.5 mm long.
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Figure 19h: Heavy minerals contained in a micaceous parting (clear area near photo 

center, arrow). Bar is 0.5 mm long.

Figure 19i: Heavy minerals lying near a tourmalinized parting (arrows). Plane 

polarized light. Bar is 0.5 mm long.
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Figure 19j: Same view as Figure 19i with polars crossed. Bar is 0.5 mm long. 

Figure 19k: Heavy minerals lying near partially tourmalinized partings. Bar is 0.5 

mm long.
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Figure 20a; Round indentation in a An grain lying adjacent to a tourmalinized parting 

(arrow). Bar is 0.5 mm long.

Figure 20b; SEM image of a quartz grain entrapped in a Au grain (arrow right of 

photo center). Shiny appearance of the quartz is due to surface charging of the uncoated 

grain. Bar is 100 ft, long.



0.5 mm



101

Figure 21a: SEM image of pseudo-monoclinic arsenopyrite from sample BSF1-T5- 

86-E2. Bar is 100 p. long.

Figure 21b: SEM image of pseudo-orthorhombic arsenopyrite from sample SMA-90- 

2. Bar is 10 (j, long.
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Wilfley table to separate out any heavy mineral fraction present. Each sample was 

recollected in six buckets as it was rinsed from the table.

Heavy mineral fractions were cleaned with a hand magnet to remove steel chips 

from the pulverizer plates, and sieved through 250,165, 130, and 100 micron nylon 

meshes. The magnetic fractions were examined with a binocular microscope for 

magnetic minerals removed with the steel chips. A  small amount of euhedral to well 

rounded magnetite was found in several samples. After removal of the magnetite by 

hand, the magnetic fractions were discarded.

The cleaned and sieved fractions were observed with a binocular microscope and 

heavy minerals identified. Common to virtually all samples examined were zircon, 

rutile, and ilmenite (Figures 19a-d). One sample contains a small diamond-like crystal 

(Figure 19e). Zircons are variably rounded but most other heavy minerals are rounded 

to well rounded. Overgrowths were not noted on any heavy minerals. Other minerals 

later identified via SEM include the spinels gahnite and hercynite, and possibly 

cassiterite and epidote. Grains of well rounded quartz were also seen. Several samples 

contained few or no heavy minerals. Low recoveries may result from ineffective release 

of heavy mineral grains from the samples by the crushing methods employed and may 

have been enhanced by treatment of the sample with strong acids.

Greater than 80% of heavy minerals and gold particles are found in the -100 (1 

fraction, although heavy minerals and gold were also found in the +100 p/-130 |l 

fraction. Larger gold particles also occurred in the +130 p/-165 p, +165 (I/-250 |i, and 

+250 p fractions as well. Microscopic examination of rough and cut slabs from quartz 

body samples showed that Au particles are commonly associated with clayey, 

micaceous, and tourmaline bands (Figures 19f-k). Gold particles have ameboid, flaky, 

wire-like, and rounded nugget-like forms, and mold-like indentations and entrapped
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Figure 22a: An deposited on the surface of a weathered arsenopyrite grain from 

SMA-90-2. Bar is 0.5 mm long.

Figure 22b: An deposited in a fracture in a weathered arsenopyrite grain from sample 

SMA-90-2. Bar is 0.5 mm long.
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Figure 22c: Backscattered electron image of Au (white) deposited on the surface o f a 

weathered arsenopyrite grain (dark gray) from sample SMA-90-2. Note how Au fills 

surface irregularities in the arsenopyrite, demonstrating gold deposition after 

arsenopyrite formation. Bar is 10 p long.

Figure 22d: Backscattered electron image of au deposited on arsenopyrite. Note how  

Au infills surface irregularities o f the arsenopyrite grain. Gold is white in color, 

arsenopyrite is gray, and dark gray grain below Au is quartz. Bar is 100 p  long.



107



108

quartz grains are noted in some gold particles (Figures 20a and b). Many gold particles 

are coated with a patina of earthy hematite and occasionally an iridescent tarnish.

Sulfides encountered include pyrite, arsenopyrite, and rare sphalerite. Pyrite 

and arsenopyrite are virtually always euhedral with pyrite occurring most commonly as 

dodecahedrons and more rarely as cubes. Arsenopyrite occurs as {110} pseudo- 

orthorhombic prisms and much rarer tabular pseudo-monbclinic crystals (Figure 21a 

and b). The pseudo-orthorhombic arsenopyrite has a spongier appearance than the 

pristine pseudo-monoclinic variety. Uytenbogaardt and Burke (1971) indicate that 

pseudo-orthorhombic arsenopyrite has a higher As content than the pseudo-monoclinic 

variety. A  common association between gold and partially weathered arsenopyrite is 

noted (Figures 22a and b).

Scanning Electron Microscopy

Oxide, silicate, sulfide, and gold grains were picked from seven heavy mineral 

samples and mounted on carbon-impregnated tape for examination and qualitative 

chemical analysis with a scanning electron microscope. Gold grains from 3 samples 

were mounted in epoxy and polished for semi-quantitative chemical analysis. Scanning 

electron microscopy was performed at BHP Minerals' Minerals Laboratory in 

Sunnyvale, California. The instrument used is a JOEL JSM 6100 Scanning Electron 

Microscope equipped with a Link Analytical Pentafet X-ray Detector used in conjunction 

with a Link Analytical EXL X-ray Analyzer. Additionally, the SEM is equipped with a 

Link-Oxford/Tetra Backscattered Electron Detector.

Qualitative analysis using energy dispersive X-rays confirmed the presence of 

gold, zircon, rutile, ilmenite, magnetite, pyrite, and arsenopyrite, and additionally 

identified gahnite, hercynite, sphalerite, and possibly cassiterite and epidote (Figures
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Figure 23a: SEM image of a partially rounded zircon from sample BSF16-T14-90- 

E5. Bar is 10 |1 long.

Figure 23b: Qualitative X-ray spectrum of the zircon grain in Figure 23 a.
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Figure 24a: SEM image of a well rounded rutile grain extracted from sample BSE 16- 

T14-90-E5. Bar is 10 (X long.

Figure 24b: Qualitative X-ray spectrum of rutile grain in Figure 24a.
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Figure 25a: SEM image of a well rounded ilmenite grain from sample BEF2-T18-85- 

1. Bar is 10 (along.

Figure 25b: Qualitative X-ray spectrum of ilmenite grain in Figure 25a.
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Figure 26a: SEM image of well rounded gahnite grain from sample BSF16-T14-90- 

E5. Bar is 10 p. long.

Figure 26b: Qualitative X-ray spectrum of gahnite grain in Figure 26a.
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Figure 27a: SEM image of well rounded hercynite from sample BEF2-T18-85-1. 

Bar is 10 p. long.

Figure 27b: Qualitative X-ray spectrum of hercynite grain in Figure 27 a.
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Figure 28: SEM image of three variably rounded zircons from sample SMA-90-2. 

Bar is 100 long.

Figure 29: SEM image of euhedral magnetite grain recovered from sample BSF1- 

T5-86-E2.
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Figure 30a: SEM image of sphalerite fragment recovered from sample BEF3-T4-85- 

1. Bar is 10 long.

Figure 30b: Qualitative X-ray spectrum of sphalerite fragment in Figure 30a.
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Figure 31: SEM image of a leached euhedral pseudo-orthorhombic arsenopyrite grain 

recovered from sample SMA-90-2. Bar is 10 |l  long.

Figure 32a: SEM image of leached arsenopyrite extracted from sample BSF1-T5-86- 

E2. Bar is 10 |i, long.
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Figure 32b: Qualitative X-ray spectrum of a bright region o f the arsenopyrite grain in 

Figure 32a.

Figure 32 c: Qualitative X-ray spectrum o f a dull region o f the arsenopyrite grain in 

Figure 32a.
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21-32). Three-dimensional backscattered electron views showed the heavy mineral 

grains to be variably rounded and smooth. Zircons tend to show the greatest variation 

in rounding ranging from subhedral and prismatic to well rounded and spherical (Figure 

28). Rare euhedral, octagonal grains of magnetite (Figure 29) are noted but most grains 

are well rounded and smooth. Sulfides invariably occur as euhedral grains or angular 

fragments produced during the sample milling process. A single sphalerite fragment 

was recovered from sample BEF 3-T4-85-1 (Figure 30a). Arsenopyrite grains 

generally have a spongy, pitted, surface (Figure 31) particularly the high As pseudo- 

orthorhombic variety.

Semi-quantitative analysis o f polished gold grains, using energy dispersive X- 

ray microanalysis, was performed to determine grain composition and impurity 

distribution. In most cases, the analyses were made at approximately equal intervals 

along the longest axis of the grain exposure starting near one edge and ending near the 

opposite edge. Three to five spot analyses were performed on fifteen separate gold 

grains from three widely spaced quartz bodies (BEF 2, BSF 1, SMA 1; all 2-5 km 

apart) for a total of 77 analyses (appendix B). Five grains were analyzed from each 

quartz body.

Four observations can be drawn from the analyses:

1) Gold is relatively impure, containing 3.9%-7.3% Ag and traces o f As and

Bi.

2) Silver, arsenic, and bismuth distribution is homogeneous from rim to core.

3) Silver content is consistent among grains obtained from the same quartz

body.

4) Silver content is consistent between grains taken from different quartz

bodies.
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X-ray mapping further verified the homogeneous distribution of impurities in the gold. 

No unequivocal evidence of an impurity-leached rim was found in any grain analyzed 

by either X-ray mapping or spot analysis techniques. The spot analyses do suggest a 

possible slight gold enrichment, < 1% in the rims of some grains, but these enrichments 

are less than analytical error and may not be real.

X-ray mapping o f 10 polished arsenopyrite grains showed a homogeneous 

distribution of trace amounts of gold and bismuth, but silver was not detected. Roughly 

80% of the arsenopyrite grains showed the effects of leaching, most notably in the form 

of dull regions on X-ray generated images. Qualitative analysis showed the duller 

regions to be leached of both As and S and enriched in Fe with respect to the brighter 

regions (Figure 32).

G eo ch em istry

Twenty-seven samples from 18 quartz bodies at 8 localities were analyzed for 43 

major and trace elements (Plate 2 for sample locations. Appendix A for chemical 

analyses). The data identify elemental associations with gold as well as patterns 

indicative o f the mode of its genesis. All sample preparation and analytical work was 

performed by BHP Minerals' Minerals Laboratory in Sunnyvale, California.

Sampling Methods

In general, small chips were taken from as large a surface area of the outcrop as 

possible to obtain a representative sample of each quartz body. The tenacity of the 

outcrops made systematic channel sampling across the bodies virtually impossible, and 

although BUMIGEB drill cores are available, those sections piercing the quartz bodies
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had been removed for assay. Splits from bulk vein samples, taken by BUMIGEB at the 

outcrop, were also taken for 4 quartz bodies. The bulk samples were generally large 

(approximately 0.5-2m^), and it is assumed that they became well homogenized during 

the sampling, transporting, crushing, splitting, and storing process. Three to five 

kilogram splits were taken by grab sampling the surfaces of the uncovered bulk heaps 

and by digging channels through them. Aeolian material was rinsed from the samples 

prior to submission of the entire split for chemical analysis.

Analytical Methods

Samples were prepared by crushing to -1/4 inch in a steel plate jaw crusher. 

Approximately 200-300 grams were split out using a Jones splitter, and pulverized in a 

ring mill to -100 mesh (<0.149 mm). All equipment was thoroughly cleaned between 

samples with high pressure compressed air, and brushing or wiping when necessary.

Sample digestion for trace element analysis was accomplished with analytical 

grade hydrofluoric-nitric-perchloric acid attack. Approximately 0.25 grams of sample 

was placed in a Teflon beaker along with 10 ml HF, 5 ml HNO3 , and 5 ml HCIO4  and 

digested on a hot plate at around 150° C. When evaporated to dryness, 2 ml 6  N  LiCl- 

HC1 mixture and 8  ml deionized water were added to dissolve the sample and serve as a 

matrix modifier. Hydrofluoric-nitric-perchloric acid attack digests most silicate, sulfide, 

oxide, and carbonate minerals, although, refractory minerals may be incompletely or 

unpredictably attacked (Ellesworth, BHP Minerals Laboratory, personal 

communication, 1991). One drawback of the method is the potential for loss of the 

more volatile elements, such as As and Hg, during heating. Control sample and 

reference standard recoveries indicate that this was not a serious problem.
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Quality control was monitored by running every sample set with a suite of 

certified reference standards and a duplicate of every tenth sample in the set. Duplicates 

were held to less than 5% variation and those exceeding this limit were rerun along with 

several surrounding samples. Certified standards were held to within 5% o f their 

accepted values. Some major oxides were found to occur at levels near the detection 

limit of the equipment used, which reduces the accuracy of that data. Lowered accuracy 

may introduce scatter into geochemical plots, but discernible trends do emerge despite 

this shortcoming. Samples were analyzed for 40 elements on a Beckman Spectraspan 

VB direct coupled plasma atomic emission spectrometer (DCP-AES) equipped with a 

DBC 33 dynamic background corrector (Appendix A). The Spectraspan VB is an 

echelle grating equipped polychrometer capable of measuring up to 2 0  elements 

simultaneously. Calibration was established with multi-element standards prepared in 

the lab from commercial single element standards using a matrix modifier identical to 

that o f the samples.

Sample digestion for gold analysis was by hydrobromic acid-bromine-methyl 

isobutyl ketone (MIBK) extraction (VanSickle and Lakin, 1968). Ten grams of sample 

were weighed into a ceramic crucible and ignited in a muffle furnace for one hour at 600 

°C to remove sulfide sulfur as SO2 . Samples were removed from the furnace, cooled, 

and transferred to 50 ml plastic centrifuge tubes. Ten milliliters of concentrated 

hydrobromic acid containing 1 0  ml of liquid bromine per liter ( 1 %) was added along 

with 10 ml deionized water and 10 ml MIBK. The tubes were capped, shaken for 30 

minutes, and centrifuged for 5-10 minutes. The MIBK layer was extracted and placed 

in a screw-top glass culture tube containing approximately 30 ml of 0.1 N hydrobromic 

acid. The tubes were capped and shaken for roughly 60 seconds to strip Br from the 

MIBK. The stripped MIBK layer was analyzed with a Perkin Elmer 2380 Atomic
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Absorption Spectrophotometer (AAS) equipped with a single slot burner and 

background corrector. Calibration was achieved using an MIBK blank and a 2 ppm 

gold standard. Samples with very low gold levels were rerun on a Perkin-Elmer 

Zeeman/3030 Graphite Furnace AAS utilizing a 100 ppb calibration standard and MIBK 

blank. The detection limit for the method is 5 ppb Au. Au data appears in Appendix A.

Microscopic examination of heavy mineral suites showed a strong association 

between weathered arsenopyrite and gold. To further quantify arsenopyrite weathering, 

an attempt was made to differentiate between acid soluble Fe+3 in oxides, hydroxides, 

and sulfates and acid insoluble Fe+2 in sulfides by dilute HC1 leaching. The leaching 

procedure involved weighing 0.25 grams of sample into a graduated 10 ml test tube. 

Five ml o f 10% HC1 was added to the samples, mixed, and heated in a 50-60° C warm 

water bath for 30 minutes. The samples were then removed from the hot plate, cooled 

in a water bath, diluted to 1 0  ml, mixed, centrifuged, and liqueur decanted into clean 

plastic test tubes. Optimal leaching time and temperature were pre-determined from the 

results of a test run performed on a timed series of samples weighed from a single pulp 

(B SF16-TR14-90-E5). Analysis of the leachate was performed on a Jobin-Yvon JY-70 

Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-AES). The JY-70 is 

equipped with a 40 channel simultaneous Paschen-Rung polychrometer, and a high 

resolution sequential monochrometer. Calibration was established using a single 

element standard prepared in the lab from a commercial single element standard using a 

10% HC1 matrix modifier.

Acid soluble iron values were subtracted from total iron values to obtain acid 

insoluble iron contents. These values are reported in appendix A as Fe+ 3  and Fe+2.

This approach, though not wholly accurate, is felt to be a fair approximation in this 

instance because of the paucity of Fe-bearing minerals other than arsenopyrite and pyrite
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in the samples analyzed. However, some error is introduced into the insoluble iron 

values by iron contained in trace quantities of ilmenite, and magnetite. Small amounts 

of arsenic and sulfur were also detected in the leachates. SEM analysis of weathered 

arsenopyrite shows that small amounts of As and S are often contained in the residual 

Fe oxides and hydroxides. It is likely that this is the source of these elements in the 

leachates. Sulfur contributed to the solution may also come from sulfates, possibly 

jarosite, or from slight leaching of sulfide sulfur.

Analysis for carbon was performed on a Leco WR-121 Wide Range Carbon 

Analyzer. The WR 121 has a claimed accuracy o f ±0.0005% or ±0.75% of the carbon 

present, whichever is larger, and a sensitivity of 0.0001% carbon. Sulfur analysis was 

performed with a Leco SC-132 Sulfur Analyzer which has a rated accuracy of ±1% of 

the sulfur present, and a sensitivity of 0 .0 0 1 % .

Analytical Results

O f the 41 elements analyzed by DCP-AES, Be, Bi, C, Cd, Ga, Hg, In, Nb, Sb, 

Sn, Th, and T1 were found to be below or near detection limits and were not considered 

further in this study (Appendix A). Limited data were obtained for Ag, B, La, Rb, and 

W. A number of elements including Co, Cr, Cu, La, Mo, Ni, V, Y, and Zn show 

varying degrees of correlation with Fe+ 3  (Appendix C). With the exception of Y, their 

association is attributed to,their adsorption onto Fe oxides and hydroxides. Elemental 

dependence on Mn content is not as well demonstrated (Appendix C). These plots are 

generally scattered, although Cu, W, and Zn may be associated in part with Mn oxides. 

Associations between Mn and immobile elements are probably due to relative 

enrichment o f these elements by depletion of more mobile constituents and would 

therefore be coincidental relationships rather than causal ones. The incoherence of the
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plots suggests that elemental adsorption onto Mn oxides and hydroxides is not a 

particularly strong partitioning effect in the samples, a conclusion supported by their 

low overall Mn contents o f <400 ppm.

Correlations are found in plots of Ce, La, and Th versus P that suggest the 

presence of monazite in the samples, although no specimen of the mineral was identified 

in the heavy mineral suites or in thin section. Several samples also demonstrate a 

positive correlation between yttrium and phosphorus suggesting the possible presence 

of trace amounts of xenotime, and a single light blue mineral fragment observed in one 

sample could be xenotime.

Carbon analysis showed all samples, with the exception o f sample SMA-90-2, 

to contain much less than 0.01% carbon. Carbon in SMA-90-2 is thought to be derived 

from fires set on and around the vein during the mining process. Despite the low  

measured carbon values, a thin black film of unidentified composition was observed 

washing from the many of the quartz body samples as they were run across the Wilfley 

table during heavy mineral separation.
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D IS C U S S IO N

Interpretation  o f F ield  Evidence

Lithologic Interpretation

The Belhoura tonalite is a coarse-grained equigranular pluton that experienced 

ductile deformation where it was cut by mylonitic shear zones. Deformation does not 

extend beyond the shear zones and mineral alignments are not observed away from 

them. Localized alteration is minimal to nonexistent in either the sheared portions of the 

pluton or its interior. Alteration in the form of weak sericitization of high-An 

plagioclase is considered to be a deuteric effect, but alteration of plagioclase to calcite, 

epidote family minerals, potassium feldspar, as well as recrystalliztion to low-An 

compositions, are considered to be the effect of low grade greenschist facies 

metamorphism where the assemblage zoisite/clinozoisite+chlorite+muscovite is 

diagnostic (Winkler, 1976). The texture of the Belhoura tonalite, lack of localized 

alteration, and crosscutting mylonitic shear zones are all consistent with the high 

temperature emplacement and low thermal and chemical gradients characteristic of a 

mesozonal pluton. Lack of deformation or mineral alignments in the pluton away from 

shear zones indicates pre-tectonic emplacement rather than post-tectonic emplacement as 

was suggested by Ducellier (1963). Limited alteration of the pluton in and near shear 

zones suggests limited amounts of fluid flow along the shears, although talc alteration of 

sediments surrounding some shear-hosted quartz bodies is reported (Pale, personal 

communication, 1990). Evidence of this alteration was not noted in fresher lithologies 

recovered in drill cores, and is considered here to be a phenomenon of weathering rather 

than hydrothermal alteration. Petrographic work shows metamorphic conditions to have
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Figure 33: Photomicrograph o f curved inclusion trails outlining a rounded quartz 

grain in quartz body BEF2 (arrows). Bar is 0.5 mm.

Figure 34: Au grain deposited adjacent to a tourmalinized parting in a quartz body 

(arrow). Bar is 0.5 mm.
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been very low grade prehnite-pumpellyite facies for the sedimentary pile and greenschist 

facies for the Belhoura tonalite.

Textural and compositional variation of the sediments in the study area suggests 

two sediment sources in the region, one supplying limited amounts of mature to 

supermature sand, the other supplying abundant argillaceous sediment. Quartzites 

contained in the quartz bodies make up < 5% of the sedimentary unit. Maturity of these 

sands is inferred from the fine grain size of the heavy minerals recovered and their high 

degree of sorting and rounding, particularly those of the zircon population. Rare 

circular inclusion trails observed in thin section and quartz grains recovered with the 

heavy mineral suites demonstrate that sand grains are well rounded and spherical 

(Figure 33). Additionally, low A1 content (< 2%), indicates low clay and feldspar 

content, and is consistent with very mature sediments. A1 is predominantly contained in 

volumetrically minor, thin micaceous bands or partings in the quartz bodies. 

Examination of slabs and thin sections shows that heavy minerals and gold grains are 

closely associated with these partings (Figure 34) and that the partings were originally 

clays that altered to mica, chlorite, and tourmaline. Rare mold-like features resembling 

dolomite or gypsum were observed in some quartz bodies.

Argillaceous sediments in the study area consist of thinly laminated siltstones 

and mudstones and make up > 65% of the sedimentary unit. Weathered lamina alternate 

in color from reddish-brown to orange-yellow. Cherts comprise approximately 30-35% 

of the sedimentary unit and are interbedded with the argillaceous sediments. Thick 

bedded, ferruginous quartz phyllites comprise < 1 % of the total sedimentary package. 

Their thinly laminated nature and coherence as a single bed distinguishes them from the 

rest of the argillaceous sediments. Quartz occurs as disseminated well-rounded grains
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throughout the bed. Sedimentary structures other than the fine laminations were not 

discernible.

Proximity of heavy phases to partings in the quartz bodies suggests that they 

accumulated as lag deposits on scour surfaces during high energy events and were later 

covered by thin clay drapes during periods of quiescence. Conversion o f the drapes to 

mica, chlorite, and tourmaline occurred during diagenesis and metamorphism. The 

overall maturity of the sands and the association of lag deposits with clay drapes 

suggests wide variation in the energy level of the depositional environment. Coastal 

environments are one of the few depositional systems with the broad shifts in energy 

level capable of generating both supermature sands and clay drapes adjacent to one 

another in the same sedimentary body. The efficiency of wave action in sorting and 

abrading sediments is well understood and is considered here to be a primary factor in 

the generation of the sands contained in the quartz bodies. Longshore drift and wave 

action in a marine deltaic environment could have effectively deposited sands as 

beaches, bars, and spits, and as beds in tidal channels. Periods of quiescence during 

ebb tides would permit the formation of clay drapes, and exposure of the sands during 

these periods in a hot arid climate would promote the growth of evaporite mineral in 

them and provide an explanation for the rare mold-like structures observed in the quartz 

bodies. Folk (1980) states that textural maturity of sandstones is primarily dependent 

on the energy of the depositional environment, and that volumetric importance of 

specific sediments in a particular depositional environment is dependent on the level of 

tectonic activity. The limited thickness and extent of individual quartz bodies and their 

small volume with respect to argillaceous sediment suggests that they represent localized 

accumulations of mature sand that were preserved by a unique mix of sediment source 

and depositional environment in what may have been a tectonically active region.
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Argillaceous sediments are found in a broader spectrum o f depositional 

environments, and the laminated appearance of the siltstones and mudstones suggests 

frequent changes in hydraulic regime. This conclusion may be further supported by 

color variation of weathered laminae in the sediments from reddish-brown to orange- 

yellow (Figure 10a) that may be due to mineralogical variation in the individual lamina 

brought about by changes in chemistry during sediment deposition. Chemical variation 

could have been produced by repeated periods o f submersion and subaerial exposure of 

the unlithified sediments that allowed oxidation of iron bearing minerals to oxides and 

hydroxides in the surficial layer. The predominance of pelitic sediment over sand 

argues for substantial input of silts and muds into the depositional environment 

suggesting that the depositional system is dominated by fluvial rather than marine input, 

however, the energy of the marine environment was clearly high enough to maintain the 

purity of the sands forming the quartz bodies. Large volumes of fine grained sediment 

are easily introduced into a marine environment by fluvial input and such input is 

consistent with the peritidal interpretation offered above. Volcaniclastic beds (phyllites) 

are interpreted here to represent periods of rapid sedimentation brought about by 

volcanic events or floods that contributed large instantaneous quantities of sediment to 

the depocenter. Preservation o f these beds may be due to deposition in deeper water 

below wave base. Unfortunately, the rigors of diagenesis, metamorphism, tectonism, 

and weathering have obscured much of the primary sedimentological evidence that could 

unequivocally confirm the above interpretation. Nonetheless, the evidence at hand 

consistently points toward a coastal madne/fluviodeltaic depositional environment, and 

is consistent with previous interpretations of Birirnian sediments (Milesi et al 1989, 

1991).
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An implication of the sedimentological interpretation of the quartz bodies is that 

some fraction of the gold present is paleoplacer in origin. Microscopic examination of 

gold extracted with the heavy mineral suites showed two varieties. Larger grains were 

almost always associated with weathered arsenopyiite or iron oxides and hydroxides. 

These grains often had a duller color and were less reflective, presumably due to a 

patina of weathering residues on their surfaces. The smaller grains, however, were 

generally not associated with weathered sulfides, and were brighter in both color and 

reflectivity. These smaller gold grains may represent a placer fraction, an origin further 

supported by the observations that:

1) Gold grain size decreases from south to north in the quartz bodies (Pale and 

Soumda, personal communications, 1990). This decrease is sedimentologically 

consistent with distance from the source of input and with deposition in 

increasingly deeper water.

2) Drilling reveals that gold values extend to depths below levels of deep 

weathering (Pale and Soumda, personal communications 1990) requiring that 

some fraction of the gold be of non-supergene origin.

Examination of Ducellier's geologic map of the region (Figure 6 ) reveals an extensive 

WNW-trending quartzite body present south of the study area that may be a beach or 

barrier island deposit and should be studied for both sedimentological information and 

placer gold potential.

Diagenetic processes appear to be responsible for the generation o f the chert 

interbeds common throughout the sedimentary section of the study area. Murry et al. 

(1992) offer strong support for the diagenetic production of bedded cherts. Although 

they do not discount the role of radiolaria in the formation of some cherts, they provide 

chemical, sedimentological, and stratigraphic evidence that effectively rules out turbidite
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input and Milankovitch cyclicity or biologic productivity fluctuations as effective 

producers of chert-shale sequences. The evidence they present clearly supports 

diagenetic migration of labile silica as the major mechanism of chert formation. If the 

sedimentological interpretation presented above is correct, then the presence of 

supermature quartzites clearly rules out a deep marine depositional environment where 

large quantities of turbidite deposits could accumulate, and the age o f Birimian rocks 

precludes biologic chert production. Therefore, it is necessary to conclude that the 

cherts present in the study area were generated by diagenetic mobilization of silica.

The process is envisioned to be analogous to cleavage and stylolite formation in 

which the incompatibility of phyllosilicate and tectosilicate lattice structures under 

compression leads to pressure solution o f the tectosilicates (Gray, 1979; Gray and 

Durney, 1979; Swager, 1985; Henderson et ah, 1986; Bayley, 1986; Clendenen et al., 

1988). In their review of cleavage formation in sedimentary rocks at shallow depths, 

Engelder and Marshak (1985) point out that these processes readily occur at shallow 

depths and low temperatures via water-rock interaction acting in conjunction with pore 

fluid circulation and low differential stress. Retention of silica-rich pore fluids is 

enhanced by low permeability of an argillaceous sediment pile and fluid accumulation 

could result in the formation of chert beds. This hypothesis is supported in part by the 

generally decreased occurrence of chert in areas of tourmalinization and around quartz 

bodies. The accumulation of boron in tourmalinized areas suggests that these areas 

were zones of increased fluid flow and permeability during basin maturation that 

allowed expulsion of chert forming silica-rich fluids from the surrounding sediments 

thereby reducing their final chert content. Similarly, the quartzites probably acted as 

additional fluid pathways and reservoirs that also reduced the local fluid content of the 

sediments while becoming tourmalinized and cemented themselves.
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Numerous authors have investigated the significance of tourmahnites and their 

relationship to sedimentary exhalative base metal and exhalative tungsten deposits 

(Ethier and Campbell, 1977; Slack, 1982,1993; Taylor and Slack, 1984; Plimer, 1987, 

1988). Early work suggested that tourmaline composition may be correlative with 

mineralization, but additional study has found the composition to be reflective of bulk 

rock composition and of little use as an exploration tool (Plimer, 1988). These studies, 

however, also found an intimate spatial and temporal relationship between tourmahnites 

and submarine exhalative ores o f Pb-Zn-Ag, Cu-Co, Cu-Bi, W, Sn, Au, and the rare 

earth elements. Spivack et al. (1987) report that boron fixation by adsorption onto 

aluminosilicate detritus is unlikely at the low temperatures associated with shallow 

marine burial and that significant boron fixation occurs only during higher temperature 

(> 60 °C) burial metamorphism. The implication is that boron can be mobilized during 

early diagenesis and may move with formation fluids and dissolved metals to sites of 

fixation in the sediment pile. Extrapolation of these observations and their implications 

to the study area indicates the potential for sedimentary exhalative ore deposits in the 

vicinity of tourmahnites in the study area and elsewhere in the Birimian. Spivack et 

al.(1987) also suggest that boron accumulation in sediments requires several cycles of 

weathering and sedimentation to generate the levels of enrichment seen in argillaceous 

sediments. Abouchami et al. (1989), Leube et al.(1990), and Boher et al.(1992) show 

that the Birimian crust is juvenile, and that sediments in the Birimian succession have 

the same source as the volcanics. These findings suggest that the time available for the 

recychng of sediments derived from juvenile Birimian crust was insufficient to generate 

appreciable levels of boron enrichment in them via the recychng mechanism. If the 

boron resources of the argillaceous sediment pile are inadequate to account for boron 

contained in tourmahnites in and around the study area, then an alternate boron source is
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required. Slack et al. (1993) and Plimer (1988) suggest borate-bearing evaporites as a 

potential source o f the boron contained in tourmalinites of the Broken Hill District, 

Australia. Evaporite generation is consistent with both the peritidal interpretation arrived 

at from the sedimentological evidence, and with the evaporite mineral-like molds 

observed in the quartz bodies. The susceptibility of evaporites to intrastratal solution 

and weathering, however, makes unequivocal proof of their existence in the study area 

difficult.

Structural and Tectonic Interpretation

The study area contains a system of N-S, NNW-SSE, and E-W right-lateral 

structures developed adjacent to a major NW-SE trending right-lateral strike-slip fault 

(Figure 17). Well-developed S-C mylonites indicate that the sedimentary and plutonic 

units are juxtaposed by substantial motion on these structures. Ductile fabrics are 

characteristic of all structures, but breccias are observed only along the N-S faults 

indicating that both ductile and brittle deformation occurred on these structures. 

Lineations in the mylonites are sub-horizontal suggesting that uplift on ductile structures 

was limited to a small vertical component of more oblique motion. A closely spaced set 

of conjugate structures is visible on aerial photographs throughout the study area and 

surrounding region. One element of the conjugate pair parallels the NNW-trending 

Souma fault, the other trends approximately NNE (Plate 1). For ease o f discussion, the 

area bounded on the west by the N-S Darga fault, on the east by the N-S Souma East 

fault, and on the south by the NW-SE-trending Yalanga fault will define a structural 

"panel". Adjacent areas bounded by other N-S faults are considered to be additional 

panels that experienced deformational histories similar to the panel discussed here, but
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Figure 35: Plan of wrench fault system under WNW compression. Note similarities 
with the over all structural layout of study area in Figure 15. First order structures in the 
Birimian lie N-S and NE-SW and have experienced roughly 35° of outward rotation with 
respect to their original orientation to the principal compressive stress. Second and third 
order structures in the crustal block containing the study area have likely experienced 
clockwise rotation by coupling between parallel right lateral shear zones during expulsion 
from the collision zone. Modified from Moody and Hill (1956).
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Figure 36: Pattern of major structures of the Man Shield. Modified after Milesi et al. (1989).
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the structural elements developed in each panel may vary due to differences in the 

deformational response of the lithologies present.

The structures of the study area and the motions on them can be explained by 

application of the wrench fault tectonic model. Moody and Hill (1956) gave a detailed 

description o f features generated by wrench fault tectonics (Figure 35). Their model 

outlines the orientations and motions of first, second, and third order wrench faults as 

well as the orientations o f folds and thrusts generated by a single compressive force. 

Fault pattern evolution in clay models (Reches, 1988) demonstrates that these structures 

develop sequentially rather than simultaneously. Initial faults form between 12° and 35° 

to the direction of maximum compression (Reches, 1988; Freund, 1970; Cloos, 1955). 

As they grow in length, a pattern of crisscrossing subparallel conjugates is generated 

that defines a system of fault-bounded domains. The original faults, though most 

visible, are not necessarily the most active or fastest growing and frequently become 

inactive as deformation proceeds. As the process continues, new faults form 

crosscutting older faults and modifying the pattern. After extreme deformation, one or 

more faults may become dominant active shears that accommodate the majority of slip. 

Extending Reches' findings to the wrench fault model implies that lower-order 

structures develop later than primary structures, and that motion on the primary 

structures is necessary for the accumulation of the stress and strain responsible for 

generating lower order features.

Figure 36 compiles structures of the Man Shield identified in Milesi et al.

(1989), Hottin and Ouedraogo (1975), and lineaments mapped from a geodetically 

uncontrolled Landsat mosaic of Burkina Faso produced by the Centre Regional De 

Teledetection De Ouagadougou, Burkina Faso (1981). The Landsat mosaic consists of 

seventeen images recorded in the near infrared (spectral band 7) at a scale of
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Figure 37: Major lineaments of Burkina Faso. Compiled from Milesi et al., (1989), 
Hottin and Ouedraogo, (1975), and Landsat mosaic of Burkina Faso.
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B

Figure 39: A) Orientation and length of major Birimian sinistral faults. 

B) Orientation and length of major Birimian dextral faults.
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Figure 40: A) Portion of Figure 30 oriented for 120° directed regional compression.
Note similarity between structural features of Figure A and those of the study area Figure C.
B) Strain ellipse and Reidel structures generated by a N-S oriented right-lateral shear couple. 
R and R' are Reidel shears, P and X are their conjugate shears. T represents the orientation 
of tension veins formed by the shear couple.
C) Structures present in and adjacent to study area generated by craton-scale wrench fault 
tectonics and localized right lateral shearing on third order structures.
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1:1,000,000. Figure 37 shows the pattern of faults and lineaments for Burkina Faso. 

Many of these lineaments correspond with mapped structures and/or lithologic 

boundaries and plutonic complexes (Figure 38).

In order to apply the wrench fault model to the Birimian it is necessary to 

determine the orientation of the principal compressive stress Gi during that time. The 

orientation and mapped length of structures whose motions are known were measured 

from Milesi et al. (1989) and used to calculate weighted mean orientations for right and 

left lateral faults by weighting the trend of the structure with its mapped length using the 

formula:

Weighted Mean Orientation
WlXl + W2X2+....+W nXn 

Wl + W2+....+Wn

The weighting is intended to adjust for the positive correlation found by Freund (1970) 

and Dawers et al. (1993) between mapped length of a fault trace and the magnitude of 

displacement on the structure. Using this method, known sinistral faults (n=17) have 

an average trend near 176°, and dextral faults (n=12) have one of roughly 046° (Figures 

39a and b). The intervening angle between these orientations is 135°, and bisection of 

this angle places the principal compressive stress direction near 110°. Extending this 

analysis to include Birimian structures with unknown motions as well as those with 

known motions (excluding thrusts) (n=141) yields a principal compressive direction 

near 120°, a value in agreement with that obtained above. Unweighted average 

orientations of major fold axes and thrust faults lie at 036° and 038° respectively which 

equate with a principal compressive stress direction of 126°-128°. The analysis indicates 

that the principal compressive stress direction during the Birimian age Ebumean 

orogeny was between 1 1 0 ° and 130° with a 1 2 0 ° position being predicted by the larger 

fault data set.
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If the initial intervening angle between conjugate structures is taken at 60o-75°, as 

determined by experimentation (e.g. Hubbert, 1951; Cloos, 1955; Moody and Hill, 

1956; Reches, 1988), it becomes apparent that primary Birimian structures have 

undergone roughly 30o-38° degrees of outward rotation away from the principal stress 

direction during deformation. Rotation of conjugate strike-slip fault planes is consistent 

with both experimental findings (e.g.: Reches, 1988; Lyendyk et al. 1980; Freund, 

1970; Cloos, 1955, Thatcher and Hill, 1991; Nur et al., 1986), and field observations 

in southern California (Lyendyk et al., 1980), Iran (Freund, 1970), and New Zealand 

(Lensen, 1958; Wellman, 1954).

Figure 40a shows a portion of Figure 35 oriented so that a i  lies at the favored 

120° orientation calculated above. A distinct similarity is found between the structures 

of the study area (Figure 40c) and those predicted by the wrench fault model (Figures 

3 5 ,40a). Comparison o f the Figures indicates that the Yalanga fault is a second order 

right-lateral shear; that the Darga, Souma East, and E-W faults are third order right- 

lateral shears; and that the arcuate drainage pattern may outline a third order drag fold 

produced by motion on the Yalanga fault.

Motion on the N-S Darga and Souma East faults was apparently accompanied by 

substantial N-S directed right-lateral coupling of the entire panel. The coupling 

generated the closely spaced set of conjugate structures observed on aerial photos which 

are interpreted here to be right-lateral P and left-lateral R Reidel shears (Figure 40b).

One element of the conjugate pair parallels the NNW-trending Souma fault, the other 

trends approximately NNE (Plate 1). Much of the deformation generated by coupling of 

the panel is localized along the Souma fault, but deformation also appears to be more 

evenly distributed across the entire panel as small amounts of right lateral offset on the 

NNW-trending P Reidel shears. Telescoping of the thick bedded quartzitic
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Figure 41: Deformational mechanism responsible for the generation of the telescoped 
volcaniclastic bed east of Darga. Figure A shows the result of offset along N-S 
right-lateral shears. Figure B shows right-lateral deformation parallel to the Souma fault.
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(3 Lines

a lines

Figure 42: Schematic of fault pattern in small outcrop of Belhoura granodiorite 1.5 km
east of BEF quartz bodies. Angle between conjugate shears is roughly that between rotated 
a  and p slip lines formed by rigid indentor. Axis of compression approximates orientation 
derived from structural features generated by coupling of the study area. Outcrop location 
noted on Figure 15.
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volcaniclastics, as occurred near Darga, was produced by these offsets (Figure 41).

The conjugate shear pattern is extensive and can be documented on numerous aerial 

photos covering regions outside of, and distant from, the study area indicating that the 

N-S coupling is a regional rather than local phenomenon. Observed fault motions, drag 

fold orientations, fracture patterns, telescoped beds, and tension gash veins in the study 

area are all consistent with features generated by N-S directed right-lateral coupling 

(Figure 40b). The strain ellipse for the couple lies with its major axis oriented in a NW 

SB direction. This orientation places the local principal compressive stress in an 

approximate NE-SW orientation which roughly subparallels the strike of major right 

lateral strike-slip faults in the region. This strain ellipse orientation is also supported by 

a unique outcrop in the Belhoura tonalite. The outcrop is located approximately 1.5 km 

east of the BEF quartz bodies and contains a pattern of shears bearing an uncanny 

resemblance to the structural pattern of the Biiimian (Figure 42). Analysis of the 

fracture pattern places the principal compressive stress at roughly 065o-070° or about 

20o-25° from the orientation derived from the other structural features o f the area and 

Figure 32b. This difference in orientation is hypothesized to result from clockwise 

rotation o f the outcrop by coupling of the panel containing it. The magnitude of the 

rotation is slightly less than that predicted by the Biiimian fault analysis presented 

earlier. The difference may be accounted for by the fact that the outcrop's orientation is 

influenced by second and third order structures rather than first order ones. Since lower 

order structures form later than primary ones, they will have rotated less in a given 

period of time as a result of their later evolution. The NE-SW compression derived 

above is hypothesized to result from extrusion of crustal material from the center of the 

orogen along roughly NE trending slip-lines.
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Figure 43a: Core from drill hole 9 spudded near BSF1 with a bearing o f 090° and an 

inclination of 50°E. Note folded horizon showing east-side-up motion across the 

Souma fault. Arrow on core points to top of drill hole.

Figure 43b: Cut face o f core in Figure 43a showing quartz fragments drawn out by 

shearing (immediately below scale).
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Mylonites and breccias observed in the N-S structures of the panel indicate that 

both ductile and brittle deformation occurred on these structures. Overprinting of ductile 

fabrics by brittle ones implies a general decrease in the temperature and depth of burial 

of the area, most likely by uplift and erosion. This conclusion viewed in conjunction 

with the subhorizontal lineations present in the mylonites implies that motion on N-S 

structures shifted from predominantly strike-slip to more thrust-like in nature as the 

structures evolved. Several lines o f evidence support this conclusion:

1) Juxtaposition of sediments against a pre-tectonic tonalite across the Souma 

East fault in the study area.

2) North of the study area, along the projected trend of the Souma East fault, 

Ducellier (1962) mapped greenschist grade sediments juxtaposed against 

epidote-amphibolite grade schists to the east. The increase in metamorphic grade 

across the structure from west to east supports uplift on the east side of the fault. 

Furthermore, it suggests that motion on the Souma East fault changed with time 

from a predominantly strike-slip movement recorded in mylonites and drag 

features, to more thrust-like motion demonstrated by the jump in metamorphic 

grade across the fault.

3) Folded tourmaline bands in the margins of the quartz bodies, and folded 

quartz stringers in drill cores indicate a general east-side up motion across the 

study area (Figure 43).

4) An east-side-up D3 thrust fault mapped by Miles! et al. (1989; Figures 1 and 

2, p. 10) between Aribinda and Djibo that approximately parallels the Yalanga 

fault.

5) Existence of a large region of plutonic and migmatitic rocks bounded by 

opposite verging thrust faults immediately east of the study area (Hottin and
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Ouedraogo, 1975) (Figures 38,44). The deep crustal nature o f these rocks and 

the bounding thrusts clearly demonstrate compression and uplift immediately 

east of the study area. The existence of Tarkwaian facies rocks to the east of this 

uplift, across the east-verging thrust fault, indicates that a highland existed 

during late Birimian time and that it was the source area for these Tarkwaian 

sediments (Figure 44).

6 ) Orientation o f the east-verging thrust bounding the uplifted region is nearly 

identical to that predicted for a second order left lateral wrench fault by the model 

discussed earlier. Such orientation suggests a possible evolution o f the structure 

similar to that proposed for the Darga and Souma East faults where the structure 

originated as a wrench fault and later took on a substantial component of thrust 

motion. This analysis is also applicable to the thrust fault mentioned above (item

4) and probably applies to the Yalanga fault as well.

7) NW-SE orientation of the major axis of the strain ellipse determined 

independently above.

The distribution of these features demonstrates that many of the structures in the region 

actively participated in its exhumation and brought deep crustal, ductile structures into a 

shallower brittle deformational regime.

Milesi et al. (1989) propose a polycyclic tectonic evolution to explain the 

structural evolution of the Birimian. The structural patterns of the study area and much 

of the Birimian can also be explained, however, by progressive monocyclic evolution of  

a craton-scale wrench fault system generated by a single large collisional event during 

Birimian time. The model proposed below integrates aspects of the wrench fault 

tectonic model discussed above (Moody and Hill, 1956), slip-line field theory (Molnar 

and Tapponnier, 1975, 1978; Tapponnier and Molnar, 1976), clay model deformation
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Dead zone becomes elevated and probably thickened. Region outside dead zone is activated by development of large curvilinear 
conjugate strike-slip faults and is extruded to the sides of the convergence zone. After Molnar and Tapponnier (1975, 1978) and 
Tapponnier and Molnar (1976).
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studies (Reches, 1988; Freund, 1970; Tchalenko, 1970; Cloos, 1955), and field 

observation (e.g. Lamouroux et al., 1991; Lyendyk et al. 1980; Freund, 1970; Lensen, 

1958; Wellman, 1954; Mckinstry, 1953).

The structural features and patterns present in the Biiimian are hypothesized here 

to be in response to a single rigid indentor collisional event, similar in some respects to 

that proposed by Molnar and Tapponnier (1975,1978; Tapponnier and Molnar, 1976) 

for the Himalayas. Their evolution and the associated uplift can be explained by the 

incorporation of the wrench fault model, the principles of slip-line field theory, and rigid 

indentor tectonics as proposed for the Himalayas (Molnar and Tapponnier, 1975; 

Tapponnier and Molnar, 1976; Molnar and Tapponnier, 1978; Tapponnier et al., 1982). 

In doing so, large scale structural similarities between the Biiimian and Himalayan 

orogens become apparent. Molnar and Tapponnier describe the tectonics of the 

Himalayas and Asia as being analogous to the deformation of a rigid-plastic material 

(Asia) by a rigid indentor (India). In their model, major thrusting and crustal thickening 

occurs at the leading edge of the indentor (Figure 45). Slightly further from the indentor 

lies a thickened region of the rigid-plastic medium that, though stressed to the yield 

point and capable of plastic deformation, may behave rigidly. This triangular region is 

referred to as a "dead zone" and is analogous to the Tibetan Plateau. Strike-slip faulting 

develops deeper in the orogen and may even appear to emanate from the dead zone. 

These structures correspond both in orientation and motion to lines o f slip that develop 

in a rigidly indented rigid-plastic solid. Two types o f slip-lines, analogous to the 

dominant first order faults of Moody and Hill (1956) (Figure 35), are generated along 

surfaces of maximum shear stress lying at 45° to the principal compressive stress (in an 

ideal solid), a  lines have a right lateral sense of motion, and (3 lines have left lateral 

motion. In deformation experiments, Tapponnier et al. (1982) drove a square-faced



Figure 46: Comparison of extrusion tectonics in plasticene deformation experiments and the Himalayan orogen. Large arrows 
show direction of extrusion of crustal material, small arrows show direction of extension. Note extrusion of blocks 1 and 2 from 
center of orogen and development of thrusting in the extruded material as well as the development of grabens. After Tapponnier 
et ah, (1982)
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rigid indentor into blocks of plasticene. They performed the experiment under 

conditions of both unilateral and bilateral confinement. Deformation under unilateral 

confinement closely imitates the structural development of the Himalayan orogen 

(Figure 46), but deformation with bilateral confinement more closely approximates the 

structural pattern of the Birimian (Figure 47). In the bilaterally confined experiment, 

deformation fluctuated between sinistral and dextral fault development in a manner that 

maintained the overall structural symmetry of right and left lateral faults. As the 

indentor moved further into the plasticene, new right and left lateral faults alternately 

formed near the apex of the "dead triangle". The faults died out a few centimeters away 

from the indentor and seldom had cumulative offsets of greater than 1 0  cm, with the 

greatest offsets occurring along the edges of the dead triangle.

Hubbert (1951) shows that the initial angle of shearing during fault initiation is 

closer to 35° to the principal compressive stress than 45° because of the internal friction 

of non-ideal materials. These findings are supported by later experimental studies 

(Cloos, 1955; Freund, 1970; Reches, 1988), all o f  which suggest that the angle bisected 

by Gi in the initial slip-line configuration is nearer to 60o-70° than the 90° suggested by 

Tapponnier and Molnar (1976) (Figure 48). The pattern of deformation developed in 

the rigid-plastic medium is also dependent on the shape of the indentor and the shape of 

the boundaries of the rigid-plastic medium (Tapponnier and Molnar, 1976).

Compression of the Birimian orogen along a NW-SE (120°) axis by a rigid 

indentor is hypothesized here to have generated an array of conjugate strike-slip faults 

(first order wrench faults) in accordance with the wrench fault model (Moody and Hill, 

1956) and slip-line field theory (Tapponnier and Molnar 1976). Symmetrical 

distribution of the structures suggests that the indentor face was approximately 

perpendicular to the direction of compression. The similarity of the Birimian structural
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pattern and the bilaterally confined experiment of Tapponnier et al. (1982) suggests that 

the orogen was bilaterally confined as well (Figure 47). However, the magnitude o f 

structures developed in the Birimian suggests that confining forces operating on the 

orogen, though approximately equal on both sides, were not completely restrictive as 

were the experimental boundary conditions, and that crustal material was able to flow  

outward from the center of the orogen equally to both sides to accommodate shortening. 

As shortening progressed, the conjugate structural array rotated outward so that the 

initially acute angle of intersection (60o-70°) bisected by the principal compressive stress 

(0 l) became obtuse (135°), and the obtuse angle o f intersection initially bisected by 0 3  

became acute (45°) (Figure 49). Rotation of the structural array generated second and 

third order wrench structures and was accompanied by NE-SW directed extrusion of 

large crustal blocks from the center of the orogen outward toward its margins in a 

manner similar to that occurring in the Himalayas along the Altyn Tagh, Herat, Kunlun 

and Karakorum faults (Figure 46) (Tapponnier and Molnar, 1976, Pecher et al., 1991). 

A major difference between the Himalayan and Ebumean orogens is the extrusion of 

crustal material from both sides of the orogen rather than from a single side. The study 

area is considered here to be located in an extruded block that is bounded by a dominant 

right-lateral fault to its south, and possibly by a second major right-lateral fault 

hypothesized here to lie to the north, near or just beneath and roughly parallel to the 

edge of the Paleozoic cover. The block was extruded from the center of the orogen 

along these faults and coupled in a N-S directed right-lateral manner as deformation 

proceeded generating many of the structural features observed in the study area.

Overlaying Figure 49 onto Figure 36 reveals striking similarities between the 

modified rigid indentor model presented here and major structural features of the 

Ebumean orogen (Figure 50). Of particular importance is the close agreement of large
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conjugate strike-slip fault orientations and motions, thrust fault and fold orientations, 

and regions of crustal thickening with those predicted by the rigid indentor model. 

Timing of structural events in the Birimian fall in the same chronological order as those 

predicted by the rigid indentor model, that is to say that thrust faulting and thickening 

occurred early on and were followed later by extensive strike-slip faulting and lateral 

movement of crustal material out of the collision zone. The tendency o f transcurrent 

deformation to alternate between sinistral and dextral offsets noted by Tapponnier et al. 

(1982) may explain the confusion in timing of structural events during the Birimian.

The structural pattern appears to have been modified by the presence of the 

Archean age Kenema-Man domain. The cratonic nucleus appears to have acted like a 

rigid body caught in the shortening orogen. The Sasandra fault bounds the Archean 

Kenema-Man domain on the north and east and has left lateral displacement on the east 

suggesting that the nucleus was being expelled to the south from the collision zone 

along |3 slip-lines. Figure 50 shows that the Archean Kenema-Man domain is bounded 

to the north and east by the Baouli-Mossi domain and the Kedougou-Keneba inlier 

suggesting that the domain was encapsulated in Birimian age rocks during this process. 

It is suggested that the Kenema-Man domain played a passive role in the Ebumean 

orogeny and that it was passively caught up, along with the Birimian, between two 

other Archean crustal blocks to its east and west. The east block is represented by the 

rigid indentor modeled here. Essentially, the Kenema-Man block acted as a competent 

body surrounded by less competent Proterozoic rocks that deformed plastically during 

the Ebumean orogeny. The model presented here suggests that early thrusting along the 

eastern margin of the Kenema-Man domain is due to early shortening and thrusting in 

the orogen, and thrusting along the northern margin of the domain was generated by
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extrusion o f the nucleus to the S from the shortening orogen much as occurred with the 

crustal block containing the study area.

Several subparallel Birimian-age plutonic belts are mapped in central and 

southeastern Burkina Faso (Figure 38). These belts are often accompanied by less 

extensive sub parallel linear belts of migmatites, granulites, minor greenstones and 

sediments, as well as occasional intrusions of norites and pyroxenites. The large areal 

extent of these predominantly deep crustal rocks suggests that the level of erosion here 

is significantly deeper than in western and northern Burkina Faso. The lack o f reported 

post-Birimian deformation in the Man Shield indicates that the deep erosion is the result 

of Birimian age uplift. It is proposed that this region of over-thickening represents a 

portion of the "dead zone" that formed in front of the Birimian indentor, much as the 

Tibetan Plateau has formed in front of India. It is suggested that the area was not 

structurally rigid as suggested by Tapponnier et al. (1982), but that a conjugate 

structural array also formed in this region. However, shortening occurred here by 

outward rotation of structures accompanied by crustal thickening rather than by lateral 

motion and extrusion of crustal material as is more typical of the rest of the orogen. 

Thickening of the dead zone may have been accompanied in its later stages by extension 

perpendicular to the principal compressive stress similar to that currently affecting Tibet 

(Pecher et al. 1991). NW-SE trending grabens formed by this extension may be 

represented by the sporadic bodies of sediment and greenstone distributed throughout 

the deep crustal assemblage in central and southeast Burkina Faso (Figure 38). The 

complete confinement imposed during experimental deformation by Tapponnier et al. 

(1982) prevented extrusion of material from the colhsion zone which probably limited 

outward rotation and lengthening of transcurrent structures as well as shortening, 

rotation, and thickening in the dead zone as proposed here. If these suppositions are
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correct, then the results of the bilaterally confined experiment of Tapponnier et al.

(1982) may more realistically represent the early stages of development in a such an 

orogen rather than later ones.

A  simple reconstruction of the Birimian in western and northern Burkina Faso is 

possible by utilizing the indentor model described above (Figure 51). It was argued 

earlier that the crustal block containing the study area had been moved eastward along a 

major right lateral strike-slip fault whose orientation approximates that of an a  slip-line 

in the modified rigid indentor model presented here. By removing this displacement it is 

possible to realign fragments of two greenstone belts and a plutonic belt. Figure 38 

shows two large granitoid bodies on opposite sides of the structure that are 

hypothesized here to be fragments o f a larger continuous plutonic belt. By using their 

westernmost edges as piercing points (A and A', Figures 38, 51), a displacement on the 

fault of roughly 200 kilometers can be measured. When units north of the fault are 

relocated to the SSW along the fault by this amount, the granitoid units become a single 

batholith, the study area becomes the northern extension of the Boromo greenstone belt, 

and what is now at the north end of the Boromo belt becomes the northern end of the 

Bobo belt. Details of the reconstruction have not been fully worked out, but the close 

initial agreement of these three major features across the fault is compelling evidence for 

the validity of the tectonic model and reconstruction.

Interpretation of Heavy Mineral Suites

The recovery of diverse suites of well rounded heavy mineral grains from 

numerous quartz body samples, and petrographic verification of their presence in thin 

sections, clearly demonstrates that many of the quartz bodies previously identified as 

veins are in fact quartzites. However, some quartz bodies, such as those in the vein
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array east of BSF 16, are interpreted to be tension gash veins by virtue of their unique 

distribution and orientation with respect to the right-lateral Souma fault. It is important 

to note that all of the quartz bodies containing significant amounts of gold contained 

heavy minerals and are sedimentary in origin rather than hydrothermal. The presence of 

heavy minerals, compacted channels, clay partings (now micaceous, chloritic, or 

tourmalinized), granular textures, and possible sedimentary structures are all consistent 

with such an identification. Geochemical evidence in the form of correlations between 

elements common in placer minerals produces consistently positive correlations that also 

support a sedimentary origin. This evidence is presented in the geochemistry 

discussion. Those characteristics found most useful in differentiating between veins 

and quartzites include granular textures accompanied by veining or silica flooding, 

sedimentary structures, heavy minerals, proximity and orientation to major structures, 

and lithologic association. No single characteristic was consistently present and 

unequivocal identification always required the presence of several lines of evidence.

Nugget and wire-like gold grain forms, association of gold with heavy minerals 

and clay partings, grain indentations and entrapped, possibly rounded, quartz grains, 

and positive chemical correlations with elements contained in common placer minerals 

all indicate that gold in the quartz bodies is in part, of placer origin.

Based on evidence found during this study, it appears that the location of many 

of the quartz bodies in and near shear zones is a fortuitous occurrence rather than a 

function of their genesis. Parallelism of the quartz bodies and shears could have been 

achieved by their rotation into alignment with the shear zones much as 8 -fabrics rotate 

into alignment with C-fabrics in S-C mylonites as deformation increased. It is likely 

that deformation was localized near the quartzites because of the extreme structural 

competency contrast between the argillaceous sediments and the quartzites.
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In terpretation  o f  G eochem istry

Interpretation of the chemistry of the quartz bodies is based on their sedimentary 

genesis, an incontrovertible origin required by the extraction of well-rounded heavy 

mineral suites from the samples and reinforced by microscopic confirmation o f their 

occurrence in thin section. An attempt is made to discriminate between elements whose 

distributions are functions of sedimentological, hydrothermal, and weathering processes 

and to use these elements to test the likelihood of Au contribution to the quartz bodies 

from each of these sources. General trends in the geochemical data indicate that the gold 

present in the quartz bodies is of placer origin and that supergene enrichment also 

occurred via the interaction of ground waters with arsenopyrite. No evidence of a 

hydrothermal gold component was found, and in fact, hydrothermal activity attributed to 

basin maturation appears to have actually depleted the initial gold content o f the quartz 

bodies and probably the phosphate mineral content as well.

Geochemical Evidence for a Sedimentary Influence on the Gold

Content of the Quartz Bodies

The heavy mineral content of a sediment is dependent on provenance, climate, 

and mineral stability (Pettijohn et al., 1987). Since the area covered by this study is 

small, climate and provenance are considered here to be constant for all samples, and 

since the stratigraphic interval covered by the study is probably small as well, time 

dependent variation in the composition of the heavy mineral suites due to compositional 

changes in the source region is considered to be minimal. Abrasion resistance and 

tenacity during sedimentation, and chemical stability during diagenesis and weathering,
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Coefficient of Biologic AccumulationBotanic
Affinity O.OOnO.OnlOOn

Sc, Zr,
Nb, Ta,
Ru, Rh,

Pt, Hf, W

Pb, Sn, U

Al, Ti,

Ra, Se, Hg

Cu, Ge, Ni,

Mo, F

Table 2: Botanic accumulation series of chemical elements. Coefficient of Biologic 
Accumulation is the ratio of element content in the plant-ash to its content in the soil on 
which it grew. (Redrafted from Lelong et al., 1976, after Perel'man, 1967.)



177

Elem ent Migration
State

Coefficient of 
Migrational 
Ability (Kx)

M obility

S, Cl,
B, Br Anionic Kx = lOn to 

lOOn Very mobile in all conditions

F Anionic Kx = n Mobile in all conditions

Si, P, Sn, 
As, Ge, 
Sb

Mostly
Anionic Kx = O.ln Weakly mobile in all conditions

V, u, 
Mo, Se, 
Re

Mostly
Anionic

Oxidizing:
Kx = n to 0.1 n 
Strongly Reducing: 
Kx < 0.1 n

Energetic migration in both alkaline and acid 
waters, but more energetic in alkaline waters 
than acid waters. More mobile in oxidizing 
sulfatic waters.

Co, N a ,  
M g ,  Sr, 
Ra

Cationic Kx = n Mobile in all conditions

K ,  Ba, 
Rb, Li, 
Be, Cs,
T1

Cationic Kx = O.ln Weakly mobile in all conditions

Zn, Ni, 
Cu, Pb, 
Cd, Hg, 
Ag

Mostly
Cationic

Oxidizing:
Kx = n to 0.1 n 
Strongly Reducing: 
Kx <0.1 n

High mobility in acid and weakly acid 
oxidizing waters and low mobility in neutral 
and alkaline waters. More mobile in 
oxidizing sulfatic waters.

Co, Fe, 
Mn Colloidal

Oxidizing:
Kx = 0.01 n 
Reducing:
Kx = n to 0.01 n

Mobile and weakly mobile in reducing 
conditions, and inert in oxidizing media. 
More mobile in oxidizing sulfatic waters. 
Co also behaves like Cu and Zn

Al, Ti, Zr, 
Cr, Rare 
Earths, Y, 
Ga, Cd, Th, 
Sc, Ta, W, 
In, Bi, Te

Kx = 0.1 n to 
0.01 n

Poor mobility in most environments. More 
mobile in oxidizing sulfatic waters. Weak 
migration resulting in formation of 
chemical compounds. Cr aquires 
considerable mobility in desert environment, 
similar to V, U, Mo, Se, Re. Zr and Y 
may move in organic complexes.

Os, Pd, 
Ru, Pt, 
Au, Rh, 
Ir

Kx = 0.1 n to 
0.01 n

Not forming or rarely forming chemical 
compounds. More mobile in oxidizing 
sulfatic waters.

Table 3: General classification of elements on basis of their supergene migration. 
Elements listed in decreasing order of abundance. Elements in italics are used in 
calculation of Parker's Index. See text for explanation of Coefficient of Migrational 
Ability (Kx). Modified from Lelong et al., 1976, after Perel'man, 1967.



Table 4: Published values for heavy mineral-borne trace elements in sediments in ppm.
Element 1 2 3 3A 4 4A Quartz Bodies (avg.)

% A1 3.02 2.5 - - - - 0.42 (27)

Zr 417 220 - - - - 9.5 (24)

Ti 2650 1500 - - - - 150 (25)

Ce - 92 9.2 6.5 4.4 6.3 7.7 (24)

La - 30 4.4 4 9.2 3 4.7 (9)

Th - 1.7 - - - - 3.4 (8)

Y 17 40 - - - - 1.3 (23)

1) Argast and Donnelly (1987). 11 mature sandstones from the Shawangunk Formation near Ellenville, New York.
2) Turekian and Wedepohl (1961). Mature sandstones.
3) Taylor and McLennan (1985). Table 2.14, sand size fraction of Havensville shale.
3 A) Taylor and McLennan (1985). Table 2.14, sand size fraction of Havensville Shale less heavy minerals.
4) Taylor and McLennan (1985). Table 2.14, sand size fraction of Okaloosa shale.
4A) Taylor and McLennan (1985). Table 2.14, sand size fraction of Okaloosa Shale less heavy minerals.
Number in parenthesis for quartz bodies is the number of samples averaged.
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exert strong influences on heavy mineral abundance and variety in sedimentary rocks 

(Pettijohn et al., 1987). Reworking of a sediment over several sedimentary cycles 

reduces both the abundance and diversity of its heavy mineral suite, and extended burial 

associated with great age allows intrastratal solution of less chemically stable phases to 

occur, further lowering the suite's diversity (Pettijohn et al., 1987). The predominance 

of zircon, rutile, and ilmenite in the samples, and their extreme degree o f rounding, 

suggests that extensive transport and reworking played an important role in controlling 

the make up o f the heavy mineral suites recovered. The lack of overgrowths on any 

minerals and their pristine surficial appearance in SEM work suggests that precipitation 

and chemical attack played minor roles except possibly in the case of the phosphate 

minerals. The abundance of rutile, ilmenite, and zircon in the heavy mineral suites, their 

classification as stable to ultrastable minerals (Pettijohn et al., 1987; Folk, 1980), the 

exclusion of their cations, Ti and Zr, from biologic and botanic processes (Table 2) and 

their immobility in the weathering environment (Lelong et al., 1976) (Table 3) makes 

them particularly useful for determining the presence of a placer Au component in the 

quartz bodies. In Table 3, the quantity Kx is the coefficient of migrational ability and is 

defined by the formula:

lOOmx
Kx = — ------

anx

where mx is elements x's concentration in water in mg/1, and anx is its content in the 

rock in percent (a) multiplied by the mineral residue contained in the water in percent 

(nx) (Lelong et al., 1976).

Comparison of Zr, Ti, and rare earth contents of the quartz bodies (Appendix A) 

with published data for sandstones and sand-sized sediment shows that the quartz 

bodies have similar or lower contents of all of these elements (Table 4). The Al content
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Figure 52: Ti versus Zr contents of the quartz bodies demonstrating positive 
correlation between zircon and Ti-bearing rutile and ilmenite. Correlation is consistent 
with the sedimentary origin of the quartz bodies. Low degree of scatter may suggest a 
predominant sediment source for both minerals that is most likely the supermature sands 
represented by the quartzites.
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Figure 53: Sum of phosphate-borne cations versus P. Poor correlation and scatter 
may be due to disruption of P distribution by botanic and biologic processes. 
Adsorption of cations onto clays in the partings may also obscure trends in the data.
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of mature sandstones from the Shawangunk Formation (column 1) and the sandstones 

of Turekian and Wedepohl (1961)(column 2) are slightly higher than that of the quartz 

bodies (2-2.5 % greater), and suggest a slightly lower degree of maturity. However, 

the significantly lower content of most elements suggests that the quartz bodies are 

substantially more mature in terms of their heavy mineral suite than their A1 content 

would indicate.

Comparison of Ti and Zr concentrations shows a general increase in Zr content 

with Ti content (Figure 52), a result consistent with their common association in placer 

accumulations and their persistence in the sedimentary and weathering environments. 

The single trend and relatively low degree of scatter in the plot suggests relatively 

constant proportions of the minerals in the samples, presumably brought about by 

homogenization of their distributions by extensive working during sedimentation. The 

well-rounded state of the heavy mineral population supports such extensive working of 

the sediments and suggests that contributions of these minerals from less mature sources 

was limited.

Ce, La, Th, and Y, prominent cations in the placer minerals monazite and 

xenotime (Phillips and Griffen, 1981), are also used as comparators despite the lack of 

visual identification of monazite or positive identification of xenotime in the heavy 

mineral suites. Confirmation of their presence by correlation of Ce+La+Th+Y with P is 

inconclusive (Figures 53) as the plot shows a large degree of scatter. The lack of 

correlation may result from the disruption of phosphorus distribution by botanic and 

biologic processes as P is readily taken up and utilized by plants and animals (Table 2). 

The cations themselves are usually excluded from botanic processes, with the possible 

exception of yttrium, and are immobile in the weathering environment, therefore 

redistribution from their initial state has probably been minimal (Lelong et al., 1976)
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(Table 3). Adsorption o f Ce, La, Th, and Y onto clays may play a role in their 

distribution in the sediments and thus diminish any correlation with phosphorus. This 

conclusion is suggested by the positive correlation with A1 observed in Figure 56c, but 

this correlation could result as much from the observed association of heavy minerals 

with clay partings as from adsorption of the rare earth elements onto the clays of the 

partings. It may not be possible to conclusively discriminate between these two effects. 

Despite this difficulty, elemental correlations with the phosphate-borne cations provide 

insight into the nature of the sedimentation and gold deposition.

Sediments are subject to chemical modification during diagenesis, basin 

maturation, and metamorphism, any one of which can modify the distribution and 

concentration of contained trace elements. In an effort to determine if such modification 

occurred, comparison was made between the heavy mineral trace element suite and a 

suite of hydrothermal elements that were unaffected by weathering (Appendix C). 

Selection o f hydrothermal elements used in the comparison is discussed in the next 

section. The comparison fails to document any positive correlation between the two 

suites indicating that hydrothermal activity did not enrich or redistribute these elements 

in the quartz bodies. Comparison of Ni with Ce+La+Th+Y does, however, produce a 

coherent negatively sloped trend. Since Ni content is found to be independent of Zr and 

Ti (Appendix C), it can be reasonably assumed that its content in the samples is 

unrelated to placer mineral content, furthermore, the lack of correlation between Ni and 

Parker's Index (discussed below) demonstrates nickel's independence from weathering 

as well and eliminates supergene processes as a possible source of the element. These 

observations and the negative correlation with the phosphate-borne cations suggests that 

N i was hydrothermally enriched in the samples and that the phosphate-borne cations 

were simultaneously diminished by the same process. Chemical attack on the phosphate
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Figure 54 a: Zr versus X phosphate-borne cations. Positive correlation is 
consistent with sedimentological interpretation for Ce and Y content of the 
samples. Fanning of data is attributed to mixing of sediments from fluvial and 
marine sources. Large variations in degree of zircon rounding supports mixing of 
mature and immature sources.
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Figure 54 b: Ti versus X monazite and xenotime borne cations. General positive 
correlation is consistent with a sedimentological interpretation. Fanning of data 
suggests mixing of sediment sources. Two end member trends appear to 
predominate, a low-Ti trend and a high-Ti trend. Low cation content with respect 
to Ti may result from attrition by abrasion of phosphate minerals relative to more 
durable ilmenite and rutile as sediments matures.
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minerals during this hydrothermal activity may be responsible for disruption of a 

preexisting correlation between the rare earth elements and phosphorus. Sc shows a 

two trend behavior when correlated with Zr but it is doubtful that uniform 

hydrothermally activity could produce two different results in chemically similar rocks, 

thus it is possible to conclude that other factors are in play. The immobility of Sc in the 

weathering environment (Table 3, Appendix E) and the difficulty in explaining the two 

trend behavior hydrothermally, suggests that Sc distribution is characteristic of the initial 

composition of the sediments.

Comparative plots between Ce+La+Th+Y and Zr and Ti (Figures 54a and b) 

show broad positive correlations that are interpreted to be fanning of the data set 

resulting from compositional variation of the heavy mineral populations introduced by 

mixing of mature and immature sediments. The two predominant tends seen in Figure 

54 b, one high in Ti and the other low, are interpreted as mature and immature ends of 

the sediment mixing spectrum. Points lying between the two extremes represent 

mixtures of the end members of the spectrum. The mature end of the spectrum is high 

in abrasion resistant Ti-bearing minerals and has a small immature sediment component, 

whereas the immature end of the spectrum has a higher content of abrasion-vulnerable 

monazite and xenotime and lesser amounts of rutile and ilmenite. The tight trends 

observed at either end of the mixing spectrum in Figure 54b may be due to addition of 

some Ti-minerals by immature sediment sources and by the presence of phosphates in 

the mature sediments. Additions of rutile from immature sources may produce some of 

the scatter observed in Figure 52 particularly if  the majority of zircon and Ti-bearing 

minerals are contributed by the mature source. This interpretation in conjunction with 

the sedimentological interpretation implies that the data fanning in these plots represents 

fluvial addition of monazite, xenotime, and lesser amounts of rutile and ilmenite to the
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Figure 55a: Zr vs. Parker's Index. Scatter in data demonstrates immobility of Zr 
in weathering environment.
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Parker's Index
Figure 55b: Ti vs. Parker's Index. Coherent trend for portions of the data suggest 
some mobility of titanium in the weathering environment. This behavior is 
consistent with that reported by belong et al. 1976.
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Figure 55c: Phosphate-borne cations versus Parker's Index. Circled samples may 
suggest accumulation of the rare earths during weathering, however, most samples 
appear to behave independently of weathering processes. Accumulation may be a 
function of adsorption of the cations onto clay minerals.
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mature sands making up the quartz bodies. Zircon addition from the immature source 

appears to be minor. The elemental trends discussed above suggest that a sedimentary 

link between their host minerals has been preserved and justifies their use as 

comparators for a placer gold component.

Comparison o f Zr, Ti, and the phosphate cations was made to base leaching to 

confirm their immobility during weathering as is suggested in the literature (Lelong et 

al., 1976; Colman, 1982; Birkeland, 1984). This comparison was achieved by utilizing 

Parker's Index (1970) which is defined as:

(Na)a | (Mg)a J (K)a  ̂ (Ca)a 
0.35 0.9 0.25 0.7

*100

where (X)a is the atomic proportion of element X defined as atomic percentage divided 

by atomic weight. The denominator is the bond strength of the cation-oxygen bond.

The index produces scalar quantities that should be comparable between different rock 

types without normalization to an immobile element (Parker, 1970). Parker's Index 

was chosen for its use o f the bases that are very mobile in the weathering environment 

(Table 3), and for its independence from silica content, which is very high in the 

samples and is primarily contained in quartz. So contained, silica is of little value in 

determining the degree of weathering of the samples. Elements that correlate well with 

Parker's Index (coherent trends with little scatter) are mobile in the weathering 

environment, and conversely elements with poor correlations and large degrees of 

scatter are not effectively mobilized by weathering processes compared to the bases. In 

general, the most mobile elements are those rapidly released from unstable primary 

minerals and removed from the system or slowly reincorporated into secondary minerals
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(e.g. bases). The least mobile elements are retained in resistant primary phases and/or 

are rapidly reincorporated into secondary minerals after their release (e.g. Al, Fe, Ti) 

(Lelong et al., 1976).

Comparison o f the element suite with Parker's Index produces correlations that 

suggest immobility of Zr, and limited mobility of Ti and the phosphate cations (Figures 

55a-c). No apparent trend is visible in Figure 55a, demonstrating that Zr is independent 

of base weathering. Figure 55b contains a linear trend and a group o f more scattered 

data points. Samples lying on the trend have had Ti remobilized during weathering, but 

points off the trend have not experienced appreciable Ti mobility. As with Ti, the 

phosphate cations were remobilized in the limited number of samples lying on the 

plotted trend (Figure 55c).

In Figure 55b, data points lying on the linear trend are approximately the same 

group as those lying near the low-Ti end of the mixing spectrum in Figure 54b. These 

points also correspond to those marking the linear trend in Figure 55c. It is 

hypothesized that Ti mobility in these samples is due to its release from weathering 

susceptible aluminosilicates and rock fragments contained in the less mature sediment 

fractions of the quartz bodies. As minerals degraded, base loss occurred simultaneously 

with Ti release generating the correlation observed in Figure 55b. Ti released from 

silicates could have moved short distances before being incorporated into leucoxene or 

anatase. Samples lying off the trend may contain larger quantities of weathering 

resistant rutile and ilmenite and may therefore have the majority of contained Ti bound in 

minerals less susceptible to weathering.

Similarly, phosphate cations, most abundant in the less mature sediments 

(Figure 54b), were released from their host minerals during weathering, possibly with 

the aid of botanic or biologic activity. Minor movement of their weathering immobile
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Figure 56 a: Zr versus Al. A1 represents clay content of samples. Positive 
correlation suggests Zr increase with decreasing maturity of sediments suggesting 
either greater preservation or contribution of zircon. The preponderance o f well 
rounded zircons over poorly rounded ones in the heavy mineral suites suggests 
preservation is more important than addition of new zircons.
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Figure 56 b: Ti versus Al. Al represents clay content of samples. General 
positive correlation suggests increasing Ti content with decreasing sediment 
maturity. Spread in data results from contamination of mature sands with 
argillaceous sediment.
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Figure 56 c: Z monazite and xenotime cations versus Al. Plot shows general 
positive correlation between increased clay content and phophate heavy mineral
content.
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cations before reincorporation into other minerals could produce the limited correlation 

with Parker's Index. The presence of samples from the phosphate weathering trend 

(Figure 55c) on the Ti weathering trend (Figure 55b) suggests that Ti and the 

phosphate-borne cations may correlate in Figure 54b, at least in part, because o f the 

effects o f weathering. However, comparison of samples lying off the weathering trends 

in Figures 55b and c shows that many also lie on the end-member mixing trends defined 

in Figure 54b suggesting that these trends are in part, the result of factors other than 

weathering. Sedimentation and sedimentary processes are considered here to be those 

other factors and trends seen in Figures 55a-c are considered to result from a 

combination of the effects of weathering and the original sedimentary character of the 

samples.

Petrographic examination demonstrates an association between heavy minerals 

and micaceous tourmaline bands and stringers in the quartz bodies (Figures 19g-k). 

These bands are interpreted to be altered and metamorphosed clay drapes deposited on 

scour surfaces during times of quiescence that effectively protected the heavy minerals 

they buried from further diminution by abrasion. The interpretation implies that a 

greater degree of heavy mineral preservation may be expected in quartzites where scour 

surfaces were more frequently preserved by clay drapes. Comparison of the element 

suite with A1 content (Figures 56a-c) produces broad positively sloped trends similar to 

those noted above that can be consistently interpreted in the hypothesized 

sedimentological framework. As with earlier plots, fanning of the data is attributed to 

mixing of mature and immature sediments. Immature sediments have higher 

aluminosilicate contents than mature sediments, and thus lie on the high A1 side of the 

diagrams. Samples from more mature sediments have a higher Zr, Ti, and 

Ce+La+Th+Y content for any given A1 content than do less mature sediments. The low
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Figure 57a: Comparison of As and A1 content. Plot suggests that As content 
increases with A1 content. Finding may suggest that As was initially adsorbed onto 
clays or Fe oxides and hydroxides in the clayey portion of the sediments before its 
incorporation into arsenopyrite.
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Figure 57b: Comparison of As and K. Plot shows close correlation for both mature 
and immature sediment trends which may support adsorption of As onto clays prior 
to its incorporation into arsenopyrite. Correlation with K may result from conversion 
of clay to mica and formation of arsenopyrite during metamorphism.
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overall A1 content of the samples (< 1 .6  % maximum, 0.42 % average A1 content) 

suggests that clay deposition was sufficient to enhance heavy mineral preservation 

without masking or diluting the trace element signature of the heavy minerals.

Sediment maturity appears to have played a role in generation o f arsenopyrite in 

the quartz bodies and thus indirectly influenced the gold content of the quartz bodies. 

Figure 57a and b plot As content versus A1 content. Two trends are observed, a high- 

As trend and a low-As one. Samples lying along the high-As trend also lie along the 

low-Ti, immature sediment trend defined in Figure 54b. Samples lying on the low-As 

trend are randomly scattered throughout the mixing spectrum away from the low-Ti end 

member. Comparison of As to K (Figure 57b) shows a similar sample distribution, but 

with better correlation that could suggest a connection between mica and arsenopyrite 

formation. It is hypothesized that during sedimentation As was adsorbed onto Fe 

oxides and hydroxides and possibly clays contained in the argillaceous fraction of the 

sediments and was retained there until its later incorporation into arsenopyrite. 

Concurrent metamorphism of clays to micas and incorporation of As and Fe into 

arsenopyrite could have generated the correlations between As, Al, and K. This 

conclusion is indirectly supported by location of the high-As samples at the less mature, 

low-Ti end of the mixing spectrum, and by the presence of Fe-oxide filled sulfide molds 

commonly observed in the clay partings o f the quartz bodies. Samples lying on the low  

As trend commonly have higher K contents than those lying on the high As trend. This 

behavior suggests that these samples, though higher in K and Al, did not have sufficient 

amounts of Fe bound in oxides and hydroxides to trap appreciable As. Lack of 

subaerial exposure or rapid burial of clay partings in the low-As samples could have 

prevented oxidation of Fe and have effectively inhibited the As-sequestering ability of 

the argillaceous fraction of the sediments thus resulting in an overall lower arsenopyrite



194

£ 20 -

Au (ppm)
Figure 58a: Comparison of Au and Zr contents of the samples. General trend 
suggest Zr depletion with Au enrichment interpreted as attrition of zircon by 
abrasion during sedimentation. Scatter in the trend is thought to result from 
mixing of mature and immature sediments.
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Figure 58b: Comparison of Au and Ti contents of the samples. General 
negatively sloped trend is interpreted as loss of rutile and ilmenite from the quartz 
bodies as the sands were worked. Scatter in the trend is thought to result from 
mixing of mature and immature sediments.
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Figure 58c: Comparison of Au and phosphate mineral cation content of the 
samples. Negative trend suggests Au accumulation with simultaneous phosphate 
cation loss. Behavior is interpreted as loss of phosphate minerals by abrasion 
during sediment working. Scatter is probably due to sediment mixing.

10.0 -

Q. 6.0-

Figure 58d: Comparison of Au and A1 content. General negeative trend suggests Au 
enrichment with decreased A1 content. Behavior is consistent with that expected for a 
maturing sediment as clay is winnowed. Scatter is attributed to disruption of Au 
values by supergene enrichment and to independence of Au survival in the sediments 
from clay drape armouring.
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content. Alternately, elevated fluid flow or sulfur deficiency during arsenopyrite 

formation could have allowed As loss from the system and thus reduced arsenopyrite 

generation

Comparison o f the element suite to gold content of the rocks produces a general, 

negatively-sloped trend on each plot (Figures 58a-d). Samples lying on the trends show 

no apparent correspondence with the sediment mixing scheme of Figures 54a and b, as 

each trend contains samples from throughout the spectrum. The negative slopes are 

interpreted as Au enrichment in the sediments relative to heavy minerals by heavy 

mineral attrition during working. As sediments are milled, heavy minerals are abraded 

and broken into smaller fragments that can be carried from the sediment by currents, 

thus reducing their abundance in the sediment. Gold, however, is malleable and is 

milled into nuggets and flakes that, by virtue of their extremely high specific gravity 

(S.G.=15.0-19.3 vs. 3-5 for most heavies), tend to resist winnowing far better than 

heavy mineral fragments. The result is a net increase in gold content of the sediments 

relative to heavy minerals as they mature, generating the negative slopes observed on the 

plots. Scatter in the plots is introduced by variations in the make up of the heavy 

mineral suites and by the addition of supergene Au. It is important to note that the 

negative slopes observed will remain negative even with the addition of supergene Au. 

Au addition merely flattens the slopes but does not change their sign. Post-deposition 

modification of placer comparator elements as a means of generating the negative slopes 

is ruled out on the basis of textural evidence, mineral stability, and element immobility 

in the weathering environment.

Figure 58d correlates Au with A1 content and produces a weak negatively sloped 

trend with a large degree of scatter. This result suggests enrichment of Au as clays are 

winnowed from the sediments and feldspars are broken down, both common results of
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sediment working. Scatter in the plot may result from the persistence o f gold in the 

sedimentary environment by virtue of its stability and extreme density. These physical 

characteristics make its survival and retention in the sediment less dependent on the clay 

drape armoring mechanism that appears to have enhanced heavy mineral survival. 

Consequently, Au is more independent of the A1 and K contents of the sediments than 

the other placer phases. It appears that the negative correlations between Au and the 

placer minerals are intrinsic characteristics of the rocks that are indicative of a 

fundamental sedimentary relationship between Au and the placer minerals.

Geochemical Evidence For a Magmatic/Hydrothermal Influence On

the Gold Content of the Quartz Bodies

A suite of typically magmatic and hydrothermal elements (Ag, B, Ba, Co, Cu, 

Mn, Mo, Ni, Pb, Rb, Sc, Sr, V, W, Zn) was compared with Au to determine whether a 

magmatic or hydrothermal Au component exists. Ag, B, Co, Mo, Pb, Rb, Sc, V, W, 

and Zn are present at concentrations of approximately 10 ppm or less in most samples 

(Appendix A). Ba, Cu, Mn, Ni, and Sr are present in the tens to hundreds o f ppm 

range. Comparison of the element suite with Parker's Index was performed to 

determine which elements are least perturbed by weathering and thus most reliable for 

identifying a hydrothermal Au component (Appendix D). These comparisons indicate 

that:

1 ) Sr and V are leached from the samples during the weathering process.

2) Ba, Cu, Pb, and Zn appear to be weakly mobile to immobile.

3) Co, Mo, Ni, Rb, and Sc appear to be immobile.

4) Mn is enriched.

5) Mo data is inconclusive.
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6 ) Ag and Sr displays a two-trend behavior indicating weathering mobility but 

probably with additional factors controlling their distributions. Ag is known 

from SEM work to be incorporated in An grains.

These observations compare favorably with elemental weathering behaviors reported in 

the literature (Lelong et al., 1976) (Table 3).

Comparison of Au with Co, Ni, and Sc shows little dependence between the 

elements and slightly negative slopes suggest some depletion of Au during the 

introduction of these elements (Appendix E). Comparison with the slightly more 

weathering-mobile elements Ba, Cu, Pb, and Zn appears to support this conclusion. If 

Au depletion occurred during the introduction of the hydrothermal elements then it 

implies that the Au was present in the rocks prior to the hydrothermal event. 

Considering the sedimentary nature of the rocks, placer accumulations are a reasonable 

source o f this early Au.

The trace element suite present in the samples (Cu, Pb, Zn, Ag, Bi), is the same 

as noted for Type 5 Au mineralization (Table 1) by Milesi et al. (1989) and bears a 

remarkable resemblance to that reported for sedimentary-exhalative deposits (i.e. 

Kupferschiefer) (Boyle et al., 1989; Guilbert, 1986; Moore et al., 1986; Plimer, 1978; 

Fleischer et al., 1976). Sedimentary exhalative deposits are generally considered to 

form by circulation of metal-rich basin brines to loci o f deposition generally associated 

with evaporite sequences formed under sabkha conditions (Renfro, 1974; Boyle et al., 

1989). Metals are thought to be derived from red-beds present in the stratigraphic 

sequence. Sestini (1976) notes that Tarkwaian gravels commonly have a hematitic 

matrix.

The chemical similarity between sedimentary exhalative deposits and the trace 

element chemistry of the quartz bodies, the presence of tourmalinites in the study area,
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and the red bed nature o f Tarkwaian rocks are all consistent with sedimentary exhalative 

deposit potential in the area. Furthermore, Gaal (1992) interprets the Birimian as an 

intracratonic rift which is a tectonic setting conducive to restricted oceanic circulation 

and evaporite formation. Interpretation of the sediments as near-shore facies and the 

possible presence of evaporite minerals in the quartz bodies are also consistent with a 

sabkha environment and sedimentary exhalative deposit potential. Additionally, 

circulation o f hot, chloride-rich, boron-bearing basin brines should be a mechanism 

capable of leaching Au from placer deposits enclosed in the quartz bodies, and of 

simultaneously altering sediments and clay drapes to mica, chlorite, and tourmaline.

Although hydrothermal activity occurred in the form of basin brine circulation 

during the basin maturation process, it appears that it played no part in the deposition of 

Au present in the quartz bodies, and in fact, circulation of these brines may have 

depleted their initial placer Au tenor.

Geochemical Evidence for a Supergene Influence On the Gold

Content of the Quartz Bodies

Microscopic examination of heavy mineral suites recovered from the rejected 

split of the geochemical samples shows an intimate association between Au and 

weathered arsenopyrite. This association can be shown to result from supergene 

enrichment by deposition of Au on arsenopyrite. Figure 59 plots As/FeaSpy versus 

Parker's Index. Feaspy represents the iron content o f arsenopyrite prior to weathering 

and is represented by the sum of Fe+3 (weathered arsenopyrite) and the remaining 

arsenic (unweathered arsenopyrite). This assumes that all Fe contained in acid soluble 

oxides and hydroxides was originally bound in arsenopyrite, an assumption supported 

by the pristine appearance of pyrite and ilmenite in the heavy mineral suites, and that all
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Figure 59: Comparison of base and arsenopyrite weathering in quartz bodies. 
Both trends indicate correlation between As and base loss. Numbers correspond 
to samples analyses reported in Appendix A.
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Figure 60: Comparison of As and Fe behavior in the quartz bodies during 
weathering. Numbers correspond to analyses reported in Appendix A. Samples 
comprising the trends are similar to those defining the trends in Figure 59.
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As is bound in arsenopyrite. Two trends are apparent that demonstrate that As leaching 

occurred simultaneously with base depletion during weathering. These trends are 

interpreted as progressive weathering paths that individual samples might follow during 

their weathering history. Since the initial As content of the samples was apparently 

determined by the sedimentology of the rocks, these paths should also be analogous to 

the mature and immature sediment trends noted previously. The samples defining these 

trends and their general order along them are used as groups to identify similar related 

trends on following plots.

Figure 60 is a plot of Fe+3/Fe*2py and A s/Feaspy that demonstrates Fe oxide and

hydroxide accumulation during arsenopyrite weathering. Fe+2 in arsenopyrite is 

calculated by subtracting Fe+2 contained in pyrite from total Fe+2 by using the S and As 

contents of the samples to represent Fe+2 contained in pyrite. This is accomplished with 

the formula:

Feaspy = F eto ta i -  Fepyrite

F e â py =  F®toLl “  ((Stotal -  As) /  2)

where As is used to represent S contained in arsenopyrite based on the 1:1:1 

stoichiometry of Fe, As, and S in arsenopyrite. The calculation assumes that the 

components o f pyrite and arsenopyrite are contained solely in those minerals, an 

assumption considered reasonable because of the paucity of other Fe, As, and S bearing 

minerals in the heavy mineral suites. Some error is introduced, however, into the Fe+2  

values by Fe+2 contained in ilmenite and by S contained in other trace sulfides, but these 

effects are considered minimal. Two trends are seen in Figure 60 that demonstrate that 

Fe+3 accumulation occurred as arsenopyrite weathered. The sample make-up and 

sample order of the trends in Figure 60 is virtually identical to that in Figure 59,
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Figure 61: Fe+3/Fe+2 versus Parker's Index. Curve plotted is based on 
approximate sample order defining weathering trends in Figure 59 and represents 
the Fe weathering path with respect to base weathering. Plot suggests oxidation 
of Fe during later stages of weathering.
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Figure 62: Comparison of As and Au contents of the quartz bodies. Trends are 
defined by the sample order and make up forming arsenopyrite weathering trends 
in Figure 59. Plot suggests accumulation and later depletion of Au as arsenic is 
leached from the rocks. The two trends correspond to the high and low Ti trends 
of the sediment mixing spectrum seen in Figure 54b and the arsenopyrite 
weathering trends in Figure 59.
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Figure 63: Comparison of Au content to base weathering. Curve is described by 
samples lying on arsenopyrite weathering trend in Figure 59 and Au-As comparison 
curves in Figure 62. Plot suggests Au accumulation followed by depletion as base 
weathering proceedes. Au depletion appears to start around a Parker's Index of 2, 
approximately the same point that the rate of Fe oxidation increases in Figure 61.
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Plotting the trend groups in Figure 61 shows that little change in Fe+3/Fe+2  

occurred until Parker's Indices o f roughly 2 are achieved, at which point the ratio 

increases at a rate faster than base depletion. The difference in trends between Figure 59 

and 61 suggests that iron oxidation in arsenopyrite occurs at a later stage in the 

weathering process than does arsenic leaching and that it may be a phenomenon separate 

from but related to As leaching. Alternately, base leaching may slow as it nears 

completion giving the appearance of accelerated Fe oxidation, but if  completion of base 

leaching is the only operative factor then it can be reasonably expected that the rate o f Fe 

oxidation would show a more gradual increase rather than the relatively abrupt shift seen 

in Figure 61.

Figure 62, a plot of As versus Au, demonstrates Au deposition concomitant with 

As loss from arsenopyrite during weathering as shown in Figure 59. Once again, the 

individual trends are similar to those observed in Figures 59 and 60. Identifying the 

sample trends of Figure 59 on a plot of Au versus Parker's Index (Figure 63), suggests 

that supergene Au accumulation occurs above Parker's Indices o f roughly 2 and that 

depletion occurs below that point. Comparison of Figures 61 and 63 shows that gold 

depletion begins at approximately the same Parker's Index that Fe+3/Fe+2  begins to 

rapidly increase. This observation suggests that Au depletion begins simultaneously 

with the onset of iron oxidation, in turn indicating that Au deposition onto arsenopyrite 

occurs via a process that does not directly involve Fe. If so, then As and/or S must be 

the principal participants. Addition of Au to the sulfide surface may allow Fe to 

maintain its + 2  valence state as long as deposition continues, but it is unclear from the 

diagrams how Fe is bound during the process. Gold deposition from solution onto 

arsenopyrite may continue until As or S is exhausted at which point charge balance 

would be upset, deposition would cease, and iron oxidation and Au depletion
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commence. Redeposition of the dissolved gold may occur elsewhere if  fresher 

arsenopyrite is encountered.

Several authors report experimental studies that demonstrate precious metal 

deposition on sulfide surfaces by an adsorption/reduction mechanism (Hyland and 

Bancroft, 1989, 1990; Renders and Seward, 1989; Knipe et al. 1992). The mechanism 

appears to be a two step process involving physical adsorption followed by chemical 

reduction. During the process, sulfur is oxidized to a polysulfide compound (Si2, S52)

as precious metals are adsorbed on the sulfide's surface and reduced (Hyland and 

Bancroft, 1989, 1990). Charge balance is maintained by the loss of metal ions to the 

solution from the depositional site (arsenic in this study). Polysulfides are later oxidized 

to sulfate. Crystal surface defects, such as grain edges, grain junctions, growth 

terraces, and fracture surfaces, provide sites with a high charge density and conductivity 

favorable for precious metal deposition (Knipe et al. 1992). Applying these findings to 

this study suggests that Au deposition occurs in conjunction with polysulfide formation 

and As release from arsenopyrite. Au deposition continues as long as As is available to 

maintain charge balance near the depositional site, but when sufficiently depleted, Au is 

dissolved, polysulfide is converted to sulfate and lost to the ground water, and Fe is 

converted to oxides and hydroxides. The presence of gold on weathered sulfides, the 

leached appearance of arsenopyrite, particularly the high-As pseudo-orthorhombic 

variety, and the presence of As and S in the soluble iron leachates all suggest that such a 

mechanism is at work in the quartz bodies studied, and that it contributed to the gold 

content o f the quartz bodies.

Trace amounts of Bi contained in arsenopyrite appear to be incorporated into the 

Au as they are released from the sulfides at the time of deposition. The low mobility o f 

Bi in the weathering environment (Table 3) and gold's natural affinity for it make this
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speculation seem reasonable. The high Ag content and lack of Ag-poor rims on any Au 

grains examined by SEM suggests that Ag is deposited simultaneously with Au from 

ground water. Comparison of Ag with As is inconclusive because of insufficient Ag 

data, but the absence of Ag in arsenopyiite grains indicates that an alternate Ag source is 

needed. The two-trend behavior exhibited by Ag when plotted against Parker's Index 

may result from the dependence of supergene Au deposition on arsenopyrite 

weathering, which itself is dependent on the initial arsenopyrite content of the quartz 

bodies. Initial arsenopyrite content in turn appears to depend on the initial Fe hydroxide 

content of the argillaceous fraction of the quartz bodies, which may be a function of 

subaerial exposure. Such a dependence could cause Ag to correlate well with Parker's 

Index and exhibit the two-trend distributions seen in the sedimentary plots and Figure 

59.

Krupp and Weiser (1992) note that pH, oxygen fugacity, and chloride content o f  

low temperature natural systems are the governing factors in mobility of Ag and Au and 

stability of their alloys. Table 3 indicates low Ag mobility in neutral and alkaline 

waters. The immobility o f Fe and Mn indicate oxidizing surface conditions, but 

deferruginization of soils observed in pits and cores suggests that current ground water 

conditions may be more reducing at shallow depths, and ground water pumped at 

Belhoura was noticeably brackish and alkaline. Comparison of ground water conditions 

inferred above with phase diagrams in Krupp and Weiser (1992, Figures 1 and 3) 

suggests that Au-Ag alloys would be stable under the prevailing ground water 

conditions. They also point out that the lack of oxygen in ancient environments 

prevented purification of placer Au (e.g. Witwatersrand) during the depositional process 

as commonly occurs in modem environments, thus it is reasonable for the placer Au 

component of the quartz bodies to have a high silver content as well.
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The supergene mineralizing process envisioned is analogous to that responsible 

for the generation of roll-front uranium deposits, that is, a redox front progressively 

traverses the rock, mineralizing and oxidizing it as it invades. As ground water 

infiltrates the rock, sulfides encountered adsorb and reduce Au and possibly Ag from 

solution. As weathering progresses to completion and sulfides loose their reducing 

ability, Au and Ag are taken back into solution leaving barren Fe oxide-filled sulfide 

molds behind. Metals may be redeposited around sulfides that still have the necessary 

reducing capacity. Base depletion occurring simultaneously may possibly serve as a pH 

buffer or other agent in the process as demonstrated by the initiation of Fe oxidation and 

Au leaching as a threshold Parker's Index of 2 is approached.



208

C O N C L U S IO N S

Investigation of the geology and gold mineralization of the Belhoura region of 

northern Burkina Faso shows the area to contain a sedimentary unit composed o f 

siltstones, shales, volcaniclastic/epiclastic units, and mature quartzites that have 

undergone very low grade prehnite-pumpellyite facies metamorphism. Juxtaposed 

against the sedimentary unit by ductile and brittle faulting is the Belhoura tonalite that 

experienced low grade greenschist metamorphism. Based on sedimentological, 

petrographic, and petrological evidence, the sediments are interpreted to have been 

deposited in a marine-deltaic system where continual reworking by wave action 

generated mature quartzites containing a variety of well-rounded heavy minerals. The 

high-energy environment prevented dilution of the quartz sands by fluvial input o f fine

grained argillaceous sediment. Chert contained in the argillaceous sediments is probably 

of diagenetic origin and is in highest proportion in sections of the stratigraphy thought to 

have had the lowest permeability. Chert content is generally lower in and around 

structures and near some quartzites, a spatial relationship that may result from the 

generally high permeability of mature sands that could have allowed them to act as 

conduits for silica, boron, and metal-bearing formation fluids during diagenesis. The 

occurrence of tourmalinites near quartz bodies in the study area and at Feto Kole 

supports this conclusion and provides evidence suggestive of sedimentary exhalative 

massive sulfide deposit potential in the area. Reduced chert occurrence and the presence 

of tourmalinites adjacent to structures suggest that faults may have aided fluid flow in 

the sedimentary basin during diagenesis, and that faulting and fluid flow were probably 

active during sedimentation as well. Proximity of the quartz bodies to major structures 

may be the result of uplift on synsedimentary growth structures that increased sediment
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reworking in the area during deposition. Structural competency contrast between 

deformation-resistant quartzites and less-competent argillaceous sediments may also 

have played a role in the propagation of structures adjacent to the quartz bodies.

The recovery of well-rounded and diverse heavy mineral suites from numerous 

quartz bodies rules out genesis by mesothermal vein-forming processes, although this is 

not to say that mesothermal veins do not exist elsewhere in the study area, such as those 

in the tension vein array near quartz body BSF16. The classification of the Au deposits 

at Belhoura as Type 5 quartz lode mineralization by Milesi et al. (1989) is clearly in 

error, and brings the genesis of other deposits in the class into question. The 

geochemical similarity between Type 5 Au deposits and sedimentary exhalative deposits 

suggests that their chemistry was established during sedimentary basin maturation. This 

conclusion is consistent with the occurrence of tourmalinites near quartz bodies. It is 

suspected that close examination of Type 5 Au deposits will reveal that quartzites are 

common among them and that they are more widely prevalent throughout Birimian age 

rocks than previously thought. Identification of the quartz bodies as quartzites suggests 

that they are a finer-grained facies of Tarkwaian sediments and implies that the 

sedimentary package in the study area is part o f the upper Birimian sequence.

Geochemical evidence indicates that gold contained in the quartz bodies is of 

mixed origin, consisting of both placer and supergene components. No evidence was 

found to suggest hydrothermal addition of gold, and in fact, circulation o f basin brines 

through the quartz bodies during diagenesis may have depleted their initial gold content. 

Supergene gold deposition appears to have involved scavenging of gold from ground 

water by arsenopyrite through adsorption and reduction/oxidation mechanisms. The 

process apparently involved the adsorption of Au onto arsenopyrite and its subsequent 

reduction by the conversion of sulfide sulfur to polysulfide. Release o f As from the
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sulfide during Au deposition maintained the charge balance of the combined Au- 

arsenopyrite phase. Trace amounts of Bi originally present in the arsenopyrite were 

incorporated into gold deposited on the arsenopyrite grains. The high silver content of 

gold grains analyzed by SEM, and the lack o f silver leaching from grain rims, suggests 

that silver was either deposited along with supergene gold or that chemical conditions 

prevented silver removal from placer grains during interaction with ground water. No 

Ag was found in any arsenopyrite examined.

Analysis of structures in the study area indicates that they were formed by 

regional scale N-S-directed right-lateral coupling of the area. The coupling was 

produced during deformation of a large crustal block containing the study area as it was 

expelled laterally to the NE from the center of the Ebumean orogen as a result of crustal 

shortening generated by a bilaterally confined rigid indentor collision to the southeast. 

The leading edge of the rigid indentor is hypothesized to lie near and parallel to the 

Dahomeyide Belt with the principal compressive stress direction oriented at 

approximately 120°. Parallel orientation of some major Birimian structures and Liberian 

age NNE-SSW  and NE-SW foliations suggest that the principal stress directions for the 

Ebumean and Liberian orogenies were similar. The similarity may suggest Wilson 

cycle-like tectonic development in west Africa during Liberian and Birimian time.

The collision generated a structural array of conjugate sinistral and dextral strike- 

slip faults that rotated outward away from the principal compressive stress direction as 

shortening progressed. Rotation was accompanied by the lateral extrusion of crustal 

material from the center of the orogen toward its margins. Immediately in front of the 

indentor, a thickened region, analogous to the Tibetan Plateau in the Himalayas, 

developed where crustal shortening is hypothesized to have been accommodated by
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rotation of the conjugate structural array and crustal thickening rather than by rotation of 

the array and lateral movement of material.

As the orogen shortened, crustal material moved outward to the SSW and NNE. 

One crustal block expelled to the NNE contains the study area and surrounding region. 

This and other blocks were put under ENE-WSW directed compression by the motion 

which generated N-S directed right lateral coupling of the blocks as they moved outward 

from the center of the orogen. The ENE-directed compression resulted in thrusting and 

uplift o f the crustal blocks, particularly the block lying immediately east of the study 

area, where deep crustal rocks were later exposed by erosion. It is likely that detritus 

shed from these uplifted regions makes up a portion of the sediment package in the 

study area. East-side-up thrusting in the crustal block containing the study area 

juxtaposed the Belhoura tonalite and the sedimentary unit. A regional pattern of 

conjugate P and R Reidel shears, visible on aerial photos, developed to accommodate 

coupling-induced deformation. Some of these shears, like the Souma fault, developed 

into dominant structures that accommodated large amounts of deformation. Most, 

however, had more limited amounts of slip as manifested by the telescoped 

volcaniclastic beds.

The left lateral sense of motion on the Sasandra fault zone, bounding the 

Archean age Kenema-Man domain on the east, indicates that the Archean nucleus was 

being expelled southward from the center of the orogen. The Kenema-Man domain is 

surrounded to the east and north by Birimian age rocks. This observation combined 

with the documented left-lateral motion on the Sasandra fault leads to the hypothesis that 

the Kenema-Man domain behaved like a rigid body, embedded in the plastically 

deforming Birimian, that was extruded from the orogen along with Birimian crustal 

material. The implication is that the Archean nucleus was a relatively passive element
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caught in the Ebumean orogen and that its collision with Birimian rocks was a small 

element of a larger tectonic event. The crustal bodies responsible for the rigid indentor 

tectonic evolution of the Birimian lay to the SE and NW of the Kenema-Man domain.

The evolutionary model for the Birimian favored here is similar to that o f Leube 

et al. (1990). The principal variation lies in the incorporation o f the rigid indentor model 

described above into their Stage IV. A second deviation from their model lies in a 

reluctance to invoke rifting to generate depocenters for Tarkwaian sediments. 

Examination of the geologic map of Milesi et al. (1989) shows that many Tarkwaian 

deposits lie in what appear to be foreland basins o f Ebumean thrust belts. This 

interpretation is favored here because of its simplicity over the rifting model and its 

consistency with the rigid indentor model proposed.

Major advances generated in this study include:

1) Re-interpretation of the quartz bodies in the study area as mature to supermature 

quartzites rather than mesothermal veins as previously concluded by other workers.

This conclusion is based on the extraction of well-rounded heavy mineral suites from 

the quartz bodies, their restriction to the sedimentary unit in the study area, the presence 

of numerous sedimentary structures, and a granular texture that is particularly 

conspicuous in weathered portions of the bodies. These features are best displayed in 

quartz body BEF2. Reinterpretation of the quartz bodies as quartzites rather than as 

hydrothermal veins suggests that misidentification of quartzites may have occurred 

elsewhere in the Birimian and that occurrences of the Type 5 gold mineralization of 

Milesi et al. (1989) should be reevaluated as potential placer deposits.

2) Assignment of the sedimentary package in the study area to the upper Birimian by 

virtue of the presence of gold-bearing Tarkwaian-like mature quartzites represented by 

the quartz bodies.
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3) Geochemical identification in the quartz bodies of a placer gold component that was 

depleted by circulation of basin maturation brines and enriched later through supergene 

gold deposition.

4) EUmination by geochemical means of the possibility that a hydrothermal gold 

component exists in the quartz bodies. Element-element correlations indicate that gold 

in the quartz bodies experienced limited leaching by basin brines circulating during 

diagenesis as part of the basin maturation process. These brines also imparted to the 

quartz bodies a trace element suite characteristic of sedimentary exhalative massive 

sulfide deposits and converted clayey partings present in the bodies to tourmaline.

5) Identification of sedimentary exhalative massive sulfide deposit potential in the study 

area and the Birimian on the basis of tourmalinite generation and the similarity between 

the trace element geochemistry of the quartz bodies and sedimentary exhalative massive 

sulfide deposits.

6 ) The identification of possible intrusive and placer diamond potential in northern 

Burkina Faso by the observation of a single diamond-like grain in the heavy mineral 

suite recovered from quartz body BSF16. Intrusive diamond potential is inferred from 

the lack o f a reported Archean component in Birimian sediments and the juvenile nature 

of Birimian crust.

7) Identification of a monocyclic, NW-SE oriented, bilaterally confined, rigid indentor 

collisional event that created the Ebumean orogen during late Birimian time. Tarkwaian 

sediments were generated by the uplift and erosion caused by this collision. Shortening 

of the orogen generated thrusting and a conjugate structural array of transcurrent faults 

that rotated outward away from the principal stress direction as shortening proceeded. 

Shortening and rotation resulted in the lateral extrusion of crustal material from the 

center of the orogen.
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8 ) By virtue of the short time span represented by the Birimian and geochemical 

evidence reported in the literature, it is suggested that Birimian age rocks were deposited 

in a back arc/proto-oceanic setting. It appears that insufficient time was available for the 

formation and destruction of a full-fledged oceanic basin, particularly since these 

processes are thought to have required longer periods o f time in the Proterozoic than 

modem settings Gaal (1992). The minimal chemical influence exerted by continental 

crust on Birimian magmas suggests that the earliest Birimian Dabakalian crust was 

extremely thin and easily attenuated and rifted, which allowed the generation of back-arc 

and MORB-like signatures in the short time spanned by the Birimian. The model of 

Leube et al. (1990) appears to best fit the data and time constraints with the modification 

of their Stages 4 and 5 to incorporate the rigid indentor collision identified in this study.



A PPEN D IX  At G eochem ical D ata  

(Values in parts per million)



Appendix A: Sample geochemistry. All values reported in parts per million.

Point Sample Ag Al As Au B Ba Be Bi C total Ca Cd Ce Co Cr Cu Fe total Fe+3 Fe+2
1 BEF2-TR17-85-1 <0.2 3500 74 0.034 28 25 1 <5 «  100 100 1 10 <2 215 21 3800 1900 1900
2 BEF2-TR18-85-1 nd 4700 78 4.6 6 53 1 <5 «  100 < 100 1 3 <2 240 32 6700 2400 4300
3 BEF2-TR6-84-E1A nd 1300 16 2.4 <2 17 1 <5 «  100 100 < 1 <2 3 335 47 4800 2800 2000
4 BEF2-TR6-84-E1B 1.8 2500 35 9.6 <2 37 <0.2 <5 «  100 < 100 <1 3 5 290 22 7100 2700 4400
5 BEF2-TR 6-85-6 <0.2 15600 500 0.02 440 36 2 <5 «  100 400 < 1 13 4 260 31 12500 3000 9500
6 BEF3-TR4-85-1 <0.2 5800 80 0.008 92 13 1 <5 « 1 0 0 100 1 6 3 310 27 13000 3000 10000
7 BF-90-21 <0.2 1600 < 10 <0.005 <2 27 1 <5 «  100 < 100 < 1 2 <2 300 25 6000 2400 3600
8 BSF1-TR5-86-E2 0 2 2100 118 1.48 <2 24 <0.2 <5 400 100 < 1 6 <2 265 27 4500 2600 1900
9 BSF1-TR5-86-E3 0.3 2400 170 2.1 <2 29 <0.2 <5 «  100 < 100 < 1 12 <2 295 45 5400 2800 2600
10 BSF1-TR5-86-E4 nd 1700 114 8.4 <2 25 1 <5 «  100 < 100 1 5 <2 250 27 4300 2600 1700
11 BSF1-TR6-86-1 i 1800 152 11.8 26 24 1 <5 «  100 100 1 4 <2 245 28 3800 2400 1400
12 BSF10-90-l+2comb.» <0.2 1600 55 <0.005 <2 35 <0.2 <5 «  100 100 < 1 6 3 305 19 3900 2400 1500
13 BSF10-90-3 <0.2 800 22 <0.005 <2 32 1 <5 «  100 100 < 1 4 2 215 17 3400 1800 1600
14 BSF16-TR14-90-E2 0.3 7700 37 02 <2 53 <0.2 <5 «  100 100 < 1 22 2 295 39 9700 3100 6600
15 BSF16-TR14-90-E4 nd 7300 51 8.55 <2 39 1 <5 «  100 < 100 < 1 15 <2 260 27 7800 2600 5200
16 BSF16-TR14-90-E5 <0.2 6500 44 0.3 <2 32 <0.2 <5 «  100 100 < 1 13 <2 260 24 6100 2600 3500
17 BSF2-90-4 <0.2 1000 < 10 <0.005 <2 28 <0.2 <5 «  100 100 < 1 <2 <2 285 17 3700 2400 1300
18 BSF4-90-4 <0.2 5300 <10 <0.005 25.4 20 <0.2 <5 « 1 0 0 100 < 1 5 3 320 19 7100 2700 4400
19 FK-90-3 nd 4300 < 10 028 97 22 1 <5 « 1 0 0 200 <1 11 11 295 35 6600 2700 3900
20 FK-90-4+6comb.* 0.2 5200 < 10 3.35 24.6 11 <0.2 <5 «  100 300 < 1 17 5 245 26 10300 2900 7400
21 FK-90-7+8+9comb* 0.4 3700 <10 0.136 14.7 8 0.6 <5 «  100 100 < 1 2 6 265 58 31900 4100 27800
22 FK-90-13 02 500 < 10 <0.005 <2 14 <0.2 <5 < 100 100 < 1 <2 5 315 35 3700 2600 1100
23 MMS-90-2 <0.2 1900 < 10 0.138 <2 16 1 <5 «  100 < 100 < 1 5 <2 265 20 5300 2400 2900
24 SMA-90-2 0.6 10500 380 32 <2 54 0 2 <5 2000 200 < 1 6 4 260 54 7700 2900 4800
25 SAt A -90-4 0.6 3600 < 10 <0.005 <2 19 <0.2 5 «  100 100 < 1 4 20 260 49 29200 4200 25000
26 SONA F1-TR6-90-El 0.6 4600 11 0.104 <2 10 <0.2 <5 «  100 100 < 1 3 <2 275 30 6600 2600 4000
27 SONA F1-TR11-9&E3 n d 6500 <10 0.1 <2 60 1 5 «  100 < 100 1 8 4 295 67 15700 2900 12800

nd = Not Detected
Semples with "E" designation are grab samples taken from BUMIGEB bulk samples stored at Belhoura 
Samples without "E" designation are chip samples taken from outcrop by author 
Samples In Italics are from quartz bodies with unknown BUMIGEB designations.
•Combined samples taken from same quartz body and consolidated to increase total sample size.
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Appendix A- Continued

Point Sample Ga Hg In K La Mg Mn Mo Na Nb Ni P Pb Rb S total Sb Sc
1 BEF2-TR17-85-1 <2 <2 3 600 3 600 38 7 200 <2 9 22 2 4 800 <5 <2
2 BEF2-TR18-85-1 <2 <2 <2 2600 <2 200 58 5 300 2 12 13 9 4 300 <5 2
3 BEF2-TR6-84-E1A <2 <2 <2 900 <2 200 68 4 100 <2 23 < 10 3 <2 1000 <5 2
4 BEF2-TR6-84-E1B <2 <2 <2 1700 <2 100 140 4 200 3 12 20 <2 3 200 <5 <2
5 BEF2-TR6-85-6 5 5 3 200 4 3500 73 10 1500 7 15 74 4 <2 600 <5 4
6 BEF3-TR4-85-1 <2 <2 <2 400 <2 900 55 6 500 <2 14 61 4 <2 900 <5 2
7 BF-90-21 <2 <2 <2 600 <2 100 25 4 200 <2 13 28 4 <2 300 <5 2
8 BSF1-TR5-86-E2 3 <2 <2 800 2 200 28 10 200 <2 11 29 <2 2 400 <5 10.7
9 BSF1-TR5-86-E3 <2 <2 <2 1000 4 200 43 4 300 <2 10 13 <2 <2 500 <5 5.1
10 BSF1-TR5-86-E4 <2 <2 <2 1000 <2 <100 42 9 100 <2 12 <10 5 <2 900 <5 <2
11 BSF1-TR6-86-1 <2 <2 2 500 <2 300 43 5 100 <2 10 < 10 5 <2 300 <5 <2
12 BSF10-90-l+2comb.* <2 <2 <2 300 3 100 116 4 100 <2 9 54 19 <2 500 <5 <2
13 BSF10-90-3 <2 <2 <2 100 <2 <100 124 7 < 100 <2 9 40 2 <2 1000 <5 <2
14 BSF16-TR14-90-E2 <2 <2 2 1900 <2 200 130 10 400 3 12 69 3 <2 100 <5 4
15 BSF16-TR14-90-E4 <2 <2 3 2500 7 100 40 5 400 <2 11 25 8 3 700 <5 2
16 BSF16-TR14-90-E5 3 <2 2 2400 5 100 17 4 400 <2 7 22 3 4 200 <5 2.7
17 BSF2-90-4 <2 <2 <2 500 <2 100 79 10 100 <2 11 25 <2 5 200 <5 2.8
18 BSF4-90-4 <2 <2 <2 100 <2 800 74 4 600 2 13 36 <2 3 100 <5 3.8
19 FK-90-3 <2 <2 3 100 4 600 475 9 400 <2 13 68 5 <2 300 <5 4
20 FK-90-4+6comb.* 3 <2 <2 600 10 600 53 4 400 3 7 78 <2 <2 <100 <5 3.6
21 FK-90-7+S+9comb.* <2 <2 <2 100 <2 300 138 14 300 <2 15 320 10 <2 600 <5 2.5
22 FK-90-13 4 <2 <2 100 <2 < 100 106 4 100 <2 9 19 <2 <2 100 <5 <2
23 MMS-90-2 <2 2 <2 700 <2 100 <5 10 100 <2 12 64 9 4 400 <5 10
24 SMA-90-2 4 <2 <2 3300 <2 200 76 6 1200 3 9 30 5 12 < 100 <5 2.2
25 SMA-90-4 <2 <2 <2 400 <2 100 300 14 500 3 34 100 <2 3 <100 <5 5
26 SONA F1-TR6-90-El 3 <2 <2 200 <2 < 100 58 10 300 <2 11 29 5 3 1100 <5 <2
27 SONA F1-TRU-90-E3 <2 <2 <2 400 <2 100 370 6 100 <2 17 152 2 <2 400 <5 8

nd = Not Detected
Samples with "E” designation are grab samples taken from BUMIGEB bulk samples stored at Belhoura 
Samples without "E" designation are chip samples taken from outcrop by author 
Samples In italics are from quartz bodies with unknown BUMIGEB designations.
•Combined samples taken from same quartz body and consolidated to increase total sample size.



Appendix A- Continued

Point Sample Sn Sr Th Ti TI V W Y Zn Zr Parker's Index Fe*3/Fe*2 Ce+La+Th+Y As/Fe aspy
1 BEF2-TR17-85-1 <5 16 <2 47 <2 8 5 2 6 6 1.17 1 15 0.037
2 BEF2-TR18-85-1 <5 16 <2 94 <2 17 6 1 5 7 3.12 0.558 4 0.031
3 BEF2-TR6-84-E1A <5 <2 <2 48 <2 8 5 <0.2 3 3 1.17 1.4 - 0.006
4 BEF2-TR6-84-E1B <5 2 <2 61 <2 16 17 0.3 7 <2 2.03 0.614 3.3 0.013
5 BEF2-TR6-85-6 <5 150 <2 470 <2 51 56 5 28 37 3.81 0.316 22 0.143
6 BEF3-TR4-85-1 <5 40 <2 172 <2 12 <5 1 13 11 1.48 0.3 7 0.026
7 BF-90-21 <5 4 <2 36 <2 4 <5 n d 11 6 0.91 0.667 - -
8 BSF1-TR5-86-E2 <5 11 3 58 <2 6 5 0.7 8 10 1.19 1.368 11.7 0.043
9 BSF1-TR5-86-E3 <5 9 3 51 <2 7 <5 0.9 6 5 1.5 1.077 19.9 0.057
10 BSF1-TR5-86-E4 <5 7 <2 <10 <2 6 <5 1 6 4 1.15 1.529 6 0.042
11 BSF1-TR6-86-1 <5 10 <2 23 <2 5 <5 1 15 7 0.81 1.714 5 0.06
12 BSF10-90-1*2 comb.' <5 9 <2 26 <2 3 <5 0.7 7 <2 0.51 1.6 9.7 0.022
13 BSF10-90-3 <5 6 <2 < 10 <2 2 <5 nd <2 5 0.14 1.125 4 0.012
14 BSF16-TR14-90-E2 <5 14 3 180 <2 13 8 2 6 13 2.57 0.47 27 0.012
15 BSF16-TR14-90-E4 <5 11 <2 110 <2 13 <5 1 2 11 3.1 0.5 23 0.019
16 BSF16-TR14-90-E5 <5 10 2 112 <2 11 <5 1 4 11 3.03 0.743 21 0.017
17 BSF2-90-4 <5 5 <2 20 <2 4 <5 0.3 <2 2 0.72 1.846 0.3 -
18 BSF4-90-4 <5 31 3 205 <2 12 <5 0.9 10 11 125 0.614 8.9 -
19 FK-90-3 <5 14 2 255 <2 12 <5 2 12 13 0.94 0.692 19 -
20 FK-90-4+6 comb.* <5 10 <2 1100 <2 17 7 3.3 7 22 1.49 0.392 30.3 -
21 FK-90-7+8+9 comb.* <5 5 <2 114 <2 15 11 1.7 45 5 0.65 0.147 3.7 -
22 FK-90-13 <5 <2 <2 30 <2 3 <5 <0.2 19 2 026 2.364 - -
23 MMS-90-2 <5 5 6 40 <2 4 <5 1 5 9 0.89 0.828 12 -
24 SMA-90-2 <5 42 <2 194 <2 18 <5 1.6 8 12 5.03 0.604 7.6 0.116
25 SMA-90-4 <5 11 <2 142 <2 18 <5 1 36 4 1.11 0.168 5 -
26 SONA F1-TR6-90-E1 <5 3 <2 33 <2 7 <5 0.3 3 <2 0.61 0.65 3.3 0.004
27 SONA F1-TR11-90-E3 <5 10 5 130 <2 9 <5 1 12 11 0.58 0.227 14 -

nd = Not Detected
Samples with "E" designation are grab samples taken from BUMIGEB bulk samples stored at Belhoura 
Samples without "E" designation are chip samples taken from outcrop by author 
Samples in Italics are from quartz bodies with unknown BUMIGEB designations.
•Combined samples taken from same quartz body and consolidated to Increase total sample size.
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A PPE N D IX  B: Gold G rain C hem istry From  Sem i-quantitative E nergy

D ispersive X -ray A nalysis  

(Values in parts per million)



A ppendix B: E nergy dispersive x-ray analyses o f selected gold grains
Sample Grain Analysis % Au ± Error % Ag ± Error % As ± Error % HI ± Error Total

BEF Z-TR 18-85-1 1 1 93.246 4.684 5.977 0.864 0.024 0.51 0.755 3.652 100.001
2 94.811 1.753 4.748 0.261 0.07 0.136 0.372 1.205 100.001
3 93.816 1.793 4.825 0.266 0.096 0.141 1.264 1.259 100
4 94.669 1.875 4.76 0.275 0.197 0.144 0.375 1.317 100.001
5 94.998 1.835 4.611 0.271 0.054 0.142 0.337 0.1259 100.001

2 1 95.005 1.81 4.017 0.261 0.145 0.141 0.833 1.249 100
2 95.742 1.828 3.987 0.262 0.245 0.144 0.026 1.258 100.001
3 95.913 1.83 3.877 0.26 0.211 0.143 nd - 100.001
4 95.544 1.844 3.762 0.258 0.252 0.143 0.442 0.1285 100
5 94.879 2.534 4.173 0.36 0.326 0.201 0.623 1.786 100.001

3 1 95.318 2.454 4.125 0.352 0.26 0.189 0.298 1.656 100.001
2 95.599 2.472 4.155 0.352 0.246 0.192 nd - 100
3 94.489 2.518 4.427 0.362 0.146 0.196 0.937 1.757 100
4 94.681 2.49 4.034 0.357 0.158 0.193 1.128 1.748 100
5 95.877 2.52 3.905 0.367 0.218 0.201 nd - 100

4 1 94.811 2.504 4.537 0.368 0.137 0.194 0.515 1.709 100.001
2 94.921 1.801 4.078 0.262 0.251 0.139 0.751 1.255 100.001
3 94.027 2.521 4.406 0.367 0.22 0.198 1.348 1.751 100
4 95.362 2.524 4.274 0.368 0.114 0.196 0.251 1.738 100
5 95.166 1.818 4.197 0.264 0.188 0.142 0.45 1.257 100.001

$ 1 95.857 1.81 4.033 0.254 0.11 0.139 nd - 100
2 95.836 1.866 4.027 0.268 0.137 0.146 nd - 100
3 95.892 1.89 3.9 0.269 0.209 0.148 nd - 100.001
4 96.017 1.925 3.897 0.279 0.087 0.15 nd - 100.001
5 94.092 1.901 4.089 0.273 0.156 0.151 1.663 1.311 100

BSF 1-TR 6-86 1 1 94.727 2.721 4.972 0.425 0.302 0.228 nd - 100.001
2 93.309 2.659 5.323 0.417 0.32 0.231 1.051 1.828 100.001
3 93.012 2.677 5.615 0.42 0.536 0.226 0.838 1.866 100.001
4 94.623 2.76 5.191 0.432 0.186 0.232 nd - 100
5 94.493 2.753 5.371 0.429 0.137 0.228 nd - 100.001

2 1 94.424 2.835 5.524 0.453 0.052 0.238 nd - 100
2 93.875 2.845 5.758 0.456 0.16 0.239 0.207 1.918 100.001
3 93.588 2.892 5.519 0.459 0.234 0.245 0.659 1.951 100.001
4 93.41 2.678 4.948 0.422 0.051 0.221 1.593 1.845 100
5 94.071 2.672 5.724 0.433 0.206 0.226 nd - 100.001

3 1 94.424 2.676 5.24 0.427 0.337 0.223 nd - 100.001
2 91.639 2.671 6.674 0.451 0.237 0.223 1.452 1.875 100.001
3 92.737 2.768 7.216 0.481 0.049 0.239 nd - 100.002
4 92.273 2.769 7.243 0.475 0.261 0.238 0.225 1.915 100.001
5 93.255 2.851 6.728 0.481 0.002 0.245 0.016 1.955 100.001

4 1 93.133 2.782 6.316 0.465 0.282 0.236 0.27 1.944 100.001
2 93.095 2.821 6.8 0.475 0.106 0.241 nd - 100.001
3 92.647 2.869 7.179 0.483 0.128 0.245 0.047 2.027 100.001
4 91.27 2.738 6.351 0.455 0.184 0.23 2.195 1.897 100.001
5 93.648 2.608 6.054 0.432 0.299 0.217 nd 100.001

5 1 94.382 2.747 5.351 0.434 0.268 0.231 nd 100.001
2 95.147 2.783 4.788 0.43 0.065 0.233 nd 100
3 94.723 2.754 5.035 0.431 0.243 0.228 nd - 100.001
4 94.8 2.797 5.07 0.429 0.131 0.23 nd - 100.001
5 94.182 2.763 5.433 0.429 0.115 0.231 0.271 1.916 100.001

SMA-90-2 1 93.62 1.687 4.803 0.251 0.177 0.128 1.4 1.161 100
2 94.618 1.714 5.127 0.256 0.203 0.129 0.052 1.191 100.001
3 94.832 1.762 4.857 0.26 0.312 0.136 nd - 100.001
4 94.954 1.765 4.85 0.26 0.197 0.135 nd - 100.001
5 94.846 1.728 4.77 0.255 0.227 0.131 0.518 1.199 100.001

lh« 1 95.003 1.528 4.773 0.226 0.225 0.115 nd - 100.001
2 94.543 1.641 4.828 0.242 0.197 0.124 0.432 1.142 100.001
3 94.795 1.672 4.999 0.247 0.206 0.126 nd 100

2 1 94.602 1.725 4.765 0.253 0.235 0.131 0.399 1.223 100.001
2 94.747 1.738 4.905 0.258 0.071 0.132 0.277 1.201 100.001
3 94.327 1.713 4.907 0.252 0.289 0.129 0.477 1.184 100.001
4 94.277 1.719 5.041 0.254 0.087 0.134 0.596 1.195 100.001

3 i 93.9 2.39 5.856 0.384 0.245 0.201 nd - 100.001
2 93.816 2.452 5.816 0.39 0.369 0.201 nd - 100.001
3 93.264 2.385 5.763 0.381 0.08 0.195 0.894 1.666 100.001
4 93.716 2.431 5.699 0.386 0.109 0.197 0.476 1.66 100.001
5 94.491 2.382 5.359 0.379 0.152 0.192 nd - 100.002

4 1 94.062 2.409 5.335 0.379 0.163 0.202 0.441 1.652 100.001
2 94.895 2.39 5.105 0.372 nd - nd - 100
3 94.88 2.422 4.904 0.375 0.217 0.2 nd - 100.001
4 93.879 2.433 5.144 0.379 0.278 0.198 0.7 1.668 100.001
5 94.687 2.459 5.199 0.379 0.115 0.199 nd - 100.001

5 1 93.377 2.517 6.267 0.403 0.358 0.213 nd - 100.002
2 94.322 2.577 5.453 0.405 0.226 0.207 nd - 100.001
3 94.117 2.577 5.64 0.408 0.244 0.214 nd - 100.001
4 93.843 2.572 5.887 0.413 0.271 0.21 nd 100.001
5 93.966 2.541 5.819 0.408 0.216 0.21 nd • 100.001

nd = Not Detected • Second exposure of grain 1 sample SMA-90-2
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A PPE N D IX  C: G eochem ical C om parison o f H eavy M ineral-B orne Trace

E lem ents and H ydrotherm al/M agm atic T race E lem ents  

(Values in parts per million)
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A PPE N D IX  D: G eochem ical C om parison o f T race E lem ents and the Sum  

o f Fe and M n O xides and H ydroxides 

(Values in parts per million)
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A PPE N D IX  E: G eochem ical C om parison o f T race E lem ents and Parker's

Index off Base W eathering  

(Element values in parts per million)
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Parker's Index
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A PPEN D IX  F: G eochem ical C om parison o f T race E lem ents and G old

(Values in parts per million)
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