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ABSTRACT

The Palaeoproterozoisouthern Goren volcarsedimentary belt of northeast Burkina Faso
represents aequence/package waicksformed in abackarc basirenvironmentEvidence is based on
a conformable sequencé basalts that have geochemical affinitiesnofmal midoceanic ridge style
basalts \-MORB) as well asarcrelated magmas.hbleiitic compositions, determined by major and
trace element geochemistry, are exclusive to the study area, which is uniquiéast Burkina Faso.

Flat, chondritenormalisel REE patterns suggestominantly N-MORB compositions, with the
occasional elevated Th and 8k values, suggestive of arc basaBepleted chodrite-normalied
concentrations of phosphor8.5-0.03 times dwer than chondriteqnd Ti (1-5 times chondriteps
well as anomalous concentrationd\bsMORB-normalisedla (80-120 times greategre characteristic
of the tholeiitic basaltef the Goren belt

The volcanic rocks ar@ntercalated with a succession of volcanogenic manganese deposits,
siltstone, volcaniclastite, volcanogenic greywacke and a discrete pyroclastic breccia deposit composed
of lapilli- to bombsized volcanic debrjsndicative of bimodal volcanisnThe volcanic facies were
established through field and petrographic interpretations. The subaqueous facies architecture consists
of proximal, coherent and autoclastic basaltic flow units containing porphyritic, aphyric, amygdaloidal
and hyaloclastic tamres as well as pillowed, jointed and fldhanded basaltic lithofacies. Proximal to
distal volcanogenic manganese deposits intercalated with basalt flows indicatecdcayic genesis.

A discrete pyroclastic interbe@300 m thick)within a volcanogenicmarginal marine to offshore
greywacke succession occupies a distal facies relative to the volcanic source and indicates a bimodal
source of volcanism,e., mafic and intermediate.

Volcanogenic manganese deposits are characterized by -gonidrte stokwork breccia a
brauniteilmenite-magnetitechalcopyritepyrite-(gold) mineral assemblage and increased Ba
concentrationsindicating synvolcanic seaflocrelated hydrothermal activity. The Goren volcano
sedimentary belt presents potential for economiizeralisationin volcanogenic primary manganese

and base metal deposits.
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LIST OF FIGURES

Figure 1.1.Volcanosedimentary belts of southeast and northeast Burkina Faso and northwestern
Ghana. Volcangedimentary belts from the northeast Burkina Faso are modified after Hein et
al. (2004); the study area is located in the Goren belt and expanded in Irisstafion of
Tiebélé dome of southern Burkina Faso with Zn anomalies as defined by llboudo (2010) is
presented in Inset B. The Perkoa and Gaoua deposits are located in the Boromo belt in Burkina
Faso, southwest of Ouagadougou. The Essakane, Falagourpiatkorand Inata goldfields are
represented in northortheast of Burkina Faso. The Billiata and Tamb&o Mn deposits and the
Tin Edia MnFe-V deposit are located on the western margin of the Oudataouol belt. The
Barsalogo diamond fields are located hat the Goren belt.

Figure 2.1. The Goren volcansedimentary belt is presented showing the locations of Kaya, Mané,
Guilla, Korsimoro, Sirgui artisanal mine and Tangapella hill. Northwest and northeast trending
shears and thrusts are represented as ageWWNW trending shears of the Wabampelse
Event. A variety of granodiorite intrusions are shown including the Pissila batholith and Loudo
granodiorite that crop out to the east of the Goren belt. The Silimidougou megacrystic granite
crops out to the wesif the Goren belt. This image is modified after Hein et al. (2004) and Hein
(2010).

Figure 3.1. Geological map of the southern Goren belt presenting rock types, major structures,
infrastructure and geochemical sample points.

Figure 3.2.Volcanic facies ma of the southern Goren belt representing the location of various facies
and major structures. Two schematic section lineB, ad CD, are drawn.

Figure 4.1. Photograph of plagioclase crystals in porphyritic basalt (rare) demonstrating preferential
weattering. Crystals measure 1.5 cm in length.

Figure 4.2. (a)Photograph of pillows in a hyaloclastic breccia (Pi = Pillow; Hy = Hyaloclastite) where
the hyaloclastic breccia is observed in the ipi#dow domains (Sample G1@2-110, UTM 30P
694964, 1440271)Pillows are 2680 cm with chill margins less than 1 cm thicb)
Photograph of amygdaloidal pillowed basalt with amygdales concentrated on the pillow margins
compared to the centre of the pillow (Sample ®08, UTM 30P 694317; 1443450). The
amygdales & elongate toward the margin of the pillow and measure 2 cm in lefojth.
Photograph of hyaloclastic pillow basalt displaying an ~10 cm pillow with -aeflhed
amygdale accumulation on the margin of the pillow, with hyaloclastic breccia enclosing it.

Figure 4.3. (a)Photograph of pillowed basalt that has undergone flattening (Station poirfd@Z512
083; UTM 30P 703920; 1446075). featrants and rinds are still visible. Stratigraphic facing is
to the north(b) Photograph of a basalt with vertical fractutiest are interpreted to be the result
of cooling (Station point G1R2-004; UTM 30P 703585; 1426248y) Photograph of tortoise



shell jointing in basalt that is interpreted to be the result of cooling (Sampl®2025; UTM
30P 695421; 1443258). Polygadiainting is fairly well-defined.

Figure 4.4. (a)Photograph of flow banding in a basalt (Station point-G2-298; UTM 30P 693240;
1443462).The flow bands were identified by light and dark banding that is interpreted to be
caused by differential mineral accumulatiéim. c) Photographs of hyaloclastic basalt interstitial
to loosely packed pillowed basalt (Station point @22099; UTM 30P 69697; 1441719).
Various shapes result from fragmentation of the basalt and stand proud due to differential
weathering.

Figure 4.5.(a) Photographs of siltstone showing weéfined Ferich and Fepoor laminations (G12
02014; UTM 30P 711294; 1431532). BedcH#triesses range from 1 mm to 5 cm. Mitaalts
crosscut the siltstone. The siltstone exhibits well developed cleavage planes, particularly
prominent in the Feich layers.(b) Photograph of a fining upward greywacke succession with
thin monomictic conglomate interbeds making up the basal unit of Bouma sequences (G12
02-119; UTM 30P 708845; 1431001). The basal layer of Unit 2 is composed of -goairsed
gritstone compared to the conglomerate layer of Unit 1. The depositional environment is
interpreted asa marginal marin®ffshore setting.(c) Photograph of a poorly sorted
volcanogenic greywacke deposit with angular fragments. The greywacke is composed of
rounded chert clasts and is matsixpported (Station point GA22-010; UTM 30P 696828;
1443986).(d) Photograph of a polylithic, poorly sorted, massive volcanogenic greywacke
(Sample G102-093, UTM 30P 709616; 1429270). The angular fragments measure up to 3 cm
in size.

Figure 4.6. (ab) Photograph of a polylithic, nebedded, lapilibomb dominated pyaastic breccia
deposit with angular to sedngular crystals of ilmenite, magnetite, plagioclase, quartz and
hornblende, ranging in size from 2 mm to 7 cm (Sample-@226, UTM 30P 709365;
1424791).

Figure 5.1. (a) Photomicrograph of basalt exhibiting béiedral plagioclase microlites, a largely
replaced groundmass, and an amygdale containing chlorite and subhedral zeolite crystals
(Sample G12009; plane polarized light{b) Photomicrograph of a microlitic basalt containing
< 1.5 mm euhedral plagioclasdamolites, anhedral ilmenite (opaque), interstitial quartz and a
high proportion of chlorite (Sample GO®9; UTM 30P 693302; 1444147, plane polarized
light). (c) Photomicrograph of a porphyritic basalt with A.® mm partly altered plagioclase
crystals.The groundmass is composed of chlorite and epidote, which is interpreted to be the
result of plagioclase and clinopyroxene microlite alteration (G2 UTM 30P 695652;
1466804).(d) Photomicrograph of an amygdale in amygdaloidal basalt. The amygdale is
interpreted to form due to passive degassing of the basaltic liquid and these are filled with
various minerals at a later stage. In this case, the infill is with epidote and zeolite group

minerals. The amygdale exhibits a sobinded shape in which the zé®lcrystals radiate
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inward from the amygdale boundary toward a fimained aggregate of epidote (Sample G12
02-057; UTM 30P 699990; 1435556; cross polarized light).

Figure 5.2. (a) Photomicrograph of a medium grained, amygdaloidal basalt that displpsgtha
chloritised amygdale filled with devitrified glass. The amygdale is rimmed by zeolites. Smaller
amygdales in the image are also filled with chlorite and zeolite (2406; plane polarized
light. (b, c) Photomicrographs of hyaloclastic basalt (%dale) that is altered to chlorte
actinolite. The hyaloclastite is brecciated in a jigsaw of basalt fragments. The breccia matrix is
composed of chloritised volcanic glass. Late stage epidote veins crosscut the hyaloclastic
breccia (G1202-099; UTM 30P 68917; 1441719 and Gi2-057; UTM 30P 699990;
1435556; plane polarized light).

Figure 5.3. (a)Photomicrograph of a mediugrained basalt composed of metamorphic mineralogy.
The image exhibits weformed, < 3.5 mm epidote crystals surrounded by a-diamed
epidote and chlorite (Sample G02-096; UTM 30P 694686; 1443104, cross polarized light).
(b) Photomicrograph of a basalt that displays plagioclase with an overprint of epidote and
chlorite. Plagioclase is partly replaced by chlorite, but retainatlitlike shape, is randomly
oriented and exhibits albite twinning (Sample &@r2095; UTM 30P 695421; 1443258%)
Photomicrograph of basalt that is crosscut by a qualtite vein. The basalt is altered to
chlorite-epidote but retrains minor primary agioclase microlites. The vein crosscuts both
primary and secondary mineralogies indicating it formed eympostalteration. (Sample G12
02-095; cross polarized light{d) Photomicrograph of pyrite and chalcopyrite in a vein that
crosscuts basalt (SangplG1202-096; UTM 30P 694686; 1443104; Refleclaght). The
texture indicates that sulphideineralisatioris synchronous to, or postdates emplacement of the
basalt sequence.

Figure 5.4. (a) Photomicrographs of a coargeained, poorly sorted, chloritéech volcanogenic
greywacke. The sample is composed of quartz, plagioclase (> 2mm), lithic chert clasts, and
biotite (Sample G1:D07; 696828; 1443986)b( c) Photomicrographs of pyroclastic breccia
containing euhedral, coargeained (> 1mm) plagioclase, eft, quartz and fingrained (<
0.5mm) epidote replacing clinopyroxene and hornblende. The matrix is interpreted to be
composed of astapilli sized fragments that are altered to epidote and chlorite (Samplez512
126; UTM 30P 709365; 1424791, cross piakd light). (d) Photomicrograph of pyroclastic
breccia that is composed of euhedral, cograégned (> 1 mm), zoned, volcanic hornblende,
with well-defined cleavage, and |> 2 mm stdunded chert clasts and sabgular quartz grains
(Sample G1202-126; UTM 30P 709365; 1424791, plane polarized light).

Figure 5.5. (a)Photomicrograph of tabular, colloform and brecciated braunite frbvin-&e-rich unit
(Sample G12004; UTM 30P 702744; 1446079, reflected light). The three texture of braunite
suggest differengrowth phases. Late stage fractures cmadrecciated braunite and terminate

against the tabular braunite indicating that tabular braunite developed after the colloform texture
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braunite. (b) Photomicrograph of avin-Ferich, carbonaceous unit which isosiscut by
anastomosing hematite veins (Sample ®2080; UTM 30P 703512; 1444037, reflected
light). (c) Photomicrograph of 8n-Fe-rich unit that are crosscut by ilmenibearing veins.

The ilmenite, in this case, is interpreted as a secondary phaseddcamuveirhosted in the

rocks (Sample G122-35; UTM 30P 707346; 1425026, reflected liglit)) Photomicrograph of

a Mn-Fe carbonaceous unit that is crosscut by stockwork quartz + ankerite veins. The rock is
altered to hematite, ilmenite, magnetite asetondary quartz (sample GQ27; UTM 30P
677996; 1466647, plane polarized light).

Figure 5.6. (a)Photomicrograph of a chalcostibite in dolerite. Chalcostibite forms large, disseminated
crystals. The chalcostibite crystals are soft (shown by scratdw#gin triangular pits, and
have a moderate reflection (Sample @P2122; UTM 30P 709363; 1425384, reflected light).

(b) Photomicrograph of an aplite dyke, which is composed of medium to coarse microcline and
quartz, with subordinate muscovite. The mategy is unaltered (Sample G02-114; UTM
30P 711540; 1432977, cross polarized light).

Figure 6.1 (a) Streckeisen classification diagram for volcanic rocks plots the rocks from the GB as
basalts, basalindesite to dacite in composition. The samplesitithtate dacitic composition
contain increased secondary silica, interpreted to be a result of silicificijoNb/Y versus
Zr/TiO, x 0.0001 diagram (after Winchester and Floyd, 1976). The GB volcanic rocks generally
plot in the basalt field(c) Le Ma t r e6s <c¢l assification for vol
within the basalt, basalti@ndesite and andesite fields. Samples from the Botdoumdé belts
are distributed throughout the basalt, basaltidesite and andesite fields. The Tiebélé samples
hawe a smaller Si@range but some samples contain increased alkali concentrations and plot as
trachyandesite and tephrite. The OudaBorouol belt samples plot between basalt and basaltic
andesite(d) SiO, versus KO (wt%) demonstrates that the GB volcarocks plot within the
Low-K series for the most part. One sample plots in the Mediwseries with a KO value of
~1 wt%. Samples from the Bororktoundé belts plot within the LoW series as well as the
calcalkaline fields (MediunK, High-K series and th Shoshonite series. The Tiebélé samples
vary between the different fieldée) The AFM diagram plots samples from various locations.
The GB volcanic rocks plot in the tholeiitic phase whereas the Bottoomdé samples are
split between tholeiitic and caldkaline compositions which agrees with classifications made
by Baratoux et al. (2011). The Tiebélé samples are also distributed betweetkaie and
tholeiitic compositions.

Figure 6.2 Harker diagrams exhibiting crystallization trends of major elais for the GB volcanic
rocks. Red dots=more deformed samples; blue dots=less deformed s@jples MgONiO
plot resolved a trend line in which NiO decreased with MgO. This suggests the crystallization of
clinopyroxene occurred, which consumed Ni thiemoving it from the melt to the crystal

structure. The slight shallowing of the NMMO trend line is due to the closure of
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clinopyroxene crystallizatiob) The MgOCr,O; plot resolved a similar trend in which £k
decreased in wt% as MgO decreased. déwrease of GD; was credited to the crystallization

of spinel and clinopyroxene. The trend shallowed, indicating less Cr was used up, caused by a
decrease or halt in spinel and clinopyroxene crystallizgiiiord) The MgOCaO and Mg®

Al,O; plots exhibied directly proportional trends. As MgO decreased, it was interpreted that
CaO and AIO; decrease as plagioclaseystallisal (e, f) MgO-SiO, and MgOTIO, plots
resolved similar trends. At high MgO values, there are low concentrations gar8I0O,. As

the melt began to evolve and fractionate, the concentration e&8dDiO, increased. Ti@will
crystallise and form oxide minerals such as rutile and ilmerfg¢ The MgONaO plot
displayed the N# concentration increasing slowly as MgO concentrat@nained high. As

the MgO concentration began to decrease, th®Nancentration rapidly increased. This can

be explained by the crystallization of the-Neh endmembers of plagioclase, towards the end

of crystallization(h) The MgGP,Os plot also resolved an increasing trend as MgO decreased,
suggesting phosphorus did naiystallise(i) The MgOFeO plot resolved an increasing FeO
trend. It would be expected at some point in the fractionation process for Fe to partitionr into Fe
oxide mirerals, explaining the decrease in FeO concentrat{n&,O versus MgO shows a
poor correlation.

Figure 6.3 (a) Chondritenormalis&l multi-element diagram comparing the tholeiitic basalts from the
GB, BoromeHoundé belts and the Tiebélé region. The danguites contain similar trace
element affinities indicated by similar patterns. Rb exhibits a negative anomaly ranging from
0.1to 5 times the chondritic value. Similarly, Ti displays a negative anomaly ranging from 0.5 to
times that of chondrite(b) Chaondritenormalisel multi-element diagram comparing the
tholeiitic basalts of the GB with the cadtkaline volcanic rocks of the Borontdoundé belts.

The BoromeHoundé data present enrichment in Rb, Ba, Th, U, La, Ce, Pr, Sr and Nd relative
to the GB sampk This indicates that caldkaline rocks are more enriched in LIL elements
relative to tholeiitic compositions. Both sample suites have similar concentrations for the
remaining elements.

Figure 6.4 (a) Chondritenormalisel multi-element diagransomparing the tholeiitic basalts from the
GB, BoromeHoundé belts and the Tiebélé region. Similar patterns indicate similar trace
element properties for the tholeiitic basalt samples from three regions. On this element array, Rb
and Ti display negative analies. P exhibits a large, negative anomaly (~twice the size of Ti)
with values ranging from ~0.63.5 that of chondrite(b) Chondritenormalisel multi-element
diagram comparing the tholeiitic basalts from the GB with the-aidline volcanic rocks fim
the BoromeHoundé belts. An enrichment in the cal&aline rocks is presented for Ba to P
relative to the GB samples. Ba, Rb and Th show a relative enrichment of one order of
magnitude indicating significantly different trace element chemistry for #mepke suites.

Although the sample suites are compositionally different, the P anomaly is present throughout
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both plots, albeit the anomaly is smaller for the -@dkaline volcanic rocks(c) Primitive
mantlenormalis@ multi-element diagram with a chemicaray used in McCuaig et al. (1994)

that presents negative P and Ti anomalies. These anomalies are interpreted to form because of
phosphorus and titanium retention in silicate minerals in the magma source region.

Figure 6.5 (a) N-MORB normalisel multi-element (after Tarney et al., 1981) diagram presenting the
data from the GB. The elemental array increases in incompatibility from left to right. Ta and P
are removed from the-axis. The data represents a similarity between the GB rocks and the
average Nype MORB concentrations. A range in concentrations exists but they do not deviate
significantly from the NMORB values. Rb and Cr have the widest range of concentrations (~1
20 and ~10.05 the value of MORB) and Y portrays a negative anomaly, consisiatiit each
sample.(b) N-MORB normalise&l multi-element diagram (after Tarney et al., 1981) comparing
the GB tholeiitic basalts to the Boromtnundé calealkaline volcanic rocks. Ta and P are
added to the saxis. The GB tholeiitic basalts present large Td Bnanomalies, positive and
negative, respectively. The cadtkaline rocks present negative Ti and P anomalies.

Figure 6.6. (a) Chondritenormalisel REE patterns for the GB tholeiitic basalts. The data presents a
flat overall pattern from LREE to HREE amde considered typical of tholeiitic MORB. The
average range in concentrations for LREE is fron258&imes the chondritic value, whereas the
HREE range between ~9 and 20 times chondrite. Some samples present slight depletions, while
others present sliglenrichments from LREE to HREE) Chondritenormalisel REE diagram
comparing the GB, BorombBloundé and Tiebélé tholeiitic basalts. The REE patterns of each
sample suite present parallel patterns of similar magnitudes. The Tiebélé samples present a
slightly decreasing trend from LREE to HREEc) Chondritenormalisel REE diagram
comparing tholeiitic basalts from the GB to the BoreHmundé calelkaline volcanic rocks.

The calealkaline rocks present enrichment in LREE relative to HREE compared to thatithol
compositions, resulting in a decreasing trend. Borbtoandé calelkaline volcanic rocks
have La values range from ~80 time chondrite and Lu between ~6 and 12 times chondrite.
Negative Eu anomalies are present.

Figure 6.7. (a) Ternary discrimindon diagram (Ti/100, Zr and Yx3). The data is clustered within
field B and A, indicating most of the GB volcanic rocks are MORB, island arc tholeiite er calc
alkaline basalt. Two outliers, although clustered with the data, do not plot in a tectonigbjield.
Binary discrimination diagram that plots Zr versus Ti (ppm). A good correlation between the
data is presented. The GB volcanic rocks plot in fields B and D, representing MORB8lkadilc
basalts and island arc tholeiites; therefore no definitivemécsetting can be established from
this graph(c) A ternary discrimination diagram (2Nb, Y and Zr/4 ) that follows from Figure 6.

b. The GB samples plot well within field D. Field D categorizes the data eithertggeN
MORB or volcaniearc basaltsThe data represents a linear trend, becoming more enriched in Zr
and Nbor Y.
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Figure 7.1. Schematic diagram depicting the lateral volcanic facies variation of the Goren volcano
sedimentary belt at the time of deposition. Volcanic lithofacies represergegiliaw and
massive basalts.

Figure 7.2. Schematic diagram depicting Ta, Ti and Nb signatures relative to MORB values in a
volcanicarc environment. These values present the similarities betweerattaakd intraarc
terranes as well as the differencestvieen retraarc and volcanic arc trace element
geochemistry. The dotted line indicates the concentrations that are expected across the tectonic
setting based on literature and the red line represents observed concentrations using data from
the Goren beltand the Boromdioundé belts (interpreted baekc/intraarc and arc
environments respectively).

Figure 7.3. Schematic diagram illustrating the tectonic setting, depositional environment and facies
distribution for the Goren belt.
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1.INTRODUCTION

1.1 Preamble

Volcanesedimentary beltsnake up a large part of the strafighy of thePalaeoproterozoic
BaouléMossi domain(West Africa)in northeast Burkina Fagéigure 1.1). Theébeltsare composed
of dominantly lower to middle greenschistetamorphosed volcanic, pyroclastic and sedimgntar
rocks with extensive units of basaldesite dacite and less sudiantial amourst of pyroclastite
(Mil ési et al., 19891991 Leube et al., 1990; Ledru et al., 199Carbonaceous andn-Fe bearing
chemical sedimentary unitgeintercalated with the VYoanic rocks (Blanchot et al., 1972; Béssoles,
1977; Wright, 1985; Leubet al . |, 1990 ;ibekeed. 2008r , 1995, KS

The volcanic sequences of the BaeMiéssi domain were first described in the Birim Valley in
Ghana (Kitson, 1918) and were classifias tholeiitic basatand calealkaline lavas. This bimodal
volcanic suitewas alsodescribedby Abouchami et al. (1990) ioratorrwide studiesthat concluded
that toleiitic suiteswere more abundant than calkaline suites(Abouchami et al., 199@oher et
al., 1992; Pouclet et al., 1996; Arndt et al., 1997; Lompo, 2008)rich tholeiites and calalkaline
lavas were also described by Dia et al. (1997) frbe1KéniebaKédougou Inlier of westeriali.
Blanchot et al. (1972), Béssoles (1977), Wki{ft85), Abouchami et al. (1990},eube et al. (1990)
and othergstablished that a volcanic sequence defined a basal succession to an overlyingagdiment
sequence in volcarsedimentary belts throughout the WAC.

Additionally, dudies ofthe volcanesedmentary beltsby Dia (1988), Lidtke et al. (1998),
Béziat et al. (2000) and Dampare et al. (2008) concluded that tholeiitic andlkadine volcanic
rocks are characteristic of juvenile volcanic arcs. The tholeiitic basedt® interpreted as
stratigaphically younger than the caddkaline sequences (Dia, 1988; Lidtke et al., 1998; Béziat et
al., 2000; Dampare et al., 2008; Baratoux et al., 2011). Pouclet et al. (1996), Arndt et ala(tP97)
Lompo (2009) proposedhatthe basaltic sequences weepresenioceanic plateaus that were derived
from mantle plume activitybut Leube et al. (1990) and Pouclet et al. (1966hcluded thathey
formed in an intrecontinental rift setting that evolved into an accretioraaxy Vidal and Alric (1994)
interpreedthat thebasaltic sequencegerethe prodict of backarc basin volcanism.

Pouclet et al. (1996) and Hirdes et al. (1996) described two major periods of voléantbe
WAC from two discrete but juxtaposed volca(gedimentarypelts in northeast Cott6 | vy oi r e
(1) an eastern belt is composed of basaltic and pyrocidstitinated volcanic rocks that were

emplaced at approximately 212350 Ma U-Pb zircon. The volcanic rocks are widespread in

Ghana, eastern Cote doélvoire and eastern Bur ki
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Figure 1.1. Volcanesedimentary belts of southeast and northeast Burkina Faso and northwestern Ghana. -Volcano
sedimentary belts from the northé&urkina Faso are modified after Hein et al. (2004); the study area is located in the
Goren belt and expanded in Inset A. Location of Tiebélé dome of southern Burkina Faso with Zn anomalies as defined by
llboudo (2010) is presented in Inset B. The Perkind Gaoua deposits are located in the Boromo belt in Burkina Faso,
southwest of Ouagadougou. The Essakane, Falagountou, Taparko and Inata goldfields are representedantmeatit of

Burkina Faso. The Billiata and Tamb&o Mn deposits and the Tin Edi&éW deposit are located on the western margin of

the OudalarGorouol belt. The Barsalogo diamond fields are located north of the Goren belt.
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(2) awestern belt in central Cote d'lvoire, western Mali and Guinea, essentially composed of the
equivalent vatanic products but geochronologically younger at approximately 2105JNPdb (zircor)
(Hirdes et al., 1996).

Despitethese investigations, surprisingly little research has been conducted on the volcanic
sequences at the scale of one or several belfgest Africa. Few studies have been conducted on
volcanic faciesandmetal potential in terms dfase metaland Mn mineralisationbutdelineatingthe
volcanic faciesand alteration zonesf volcanic bels can help inidentifying and targeting volcanic
related mineral depositsor example, thd&ount Red volcanics in western Tasmania and the Abitibi
greenstone belt ofcentral Canada are lth regions where volcanogenic massive sulphide
mineralization has been found Thar volcanic faciesand alteration zoneare well understoqd
providing spatial constraints economicmineralization cPhie et al.1993 Piché and Jébrak006)

Delineating facies is alsonportant indevelopingtectonicmodelsfor volcanic terraneDistal
versus proximiafacies and coherent versus volcaniclastic facies can be interpreted using lithological
relationships, volcanitextures and rock compositidror examplejn the Tiebélé Dome in southern
Burkina Faso (Figure 1.1), chert and manganese horizons act asrroaits in localvolcanc
sedimentary beltéMelcher, 1995; llboudo, 2010). The chert and manganese units are intercalated with
Zn-rich volcanichosted massive sulphide (VHMS) mineralizatiamd manganese and silica were
leached from the volcanic rocks rihg hydrothermal activity, synchronous to volcanism, and
concomitant to precipitation at the wateck interface (Melcher, 1995).e., syavolcanic exhalative
processes took place during eruption.

Volcanic terranes are often complicated because voleamticedimentary processes work at the
same time (Cas and Wright, 1987; Lajoie and Stix, 1992) and volcanic and sedimentary rocks may be
juxtaposed in a complicated manndiowever a comprehensive study fothe volcanology,
sedimentology and geochemisti/volcanesedimentary beltsan accuraty reconstruct the volcanic
environment

This has beethe focus of research in the scethGoren volcanesedimentary beltFigure 1.1)
where the stratigraphy is characterised by a conformable sequence ctimtntary rocks that are
intercalated with basalt, andesite, dacite, pyroclastite and volcanic tuff, and carbonacedumsFand
bearingshale(Hein et al., 2004; Hein, 2010)he beltis weaklyto moderately metamorphosegiving
a unique opportunity totedy relatively pristine volcanic textures and establish volcanic facies. The
volcanesedimentary unithave been mappedampled in detaiand analysed both petrographically
and geochemically. From field studies, geological and volcanic facies maps meatedc This
information has beerused to interpret volcanic settinfhe metallogenic potential of the southern

Goren volcanesedimentary behasalsobeenassessed in this study.
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1.2.Location and physiography

Burkina Faso is situated in West Africa and is bordered by Ghana, Benin, Togo, Mali, Niger
andCtte doélvoire. It is a | andl oc Kdttesmastymthey t h:
Sahel climatic zone.

The Sahelian zone is characterized loy &nd arid conditions. Burkina Faso has an average
daily temperature of 32€ and less than 25 cm of rainfall annually, particularly in thé¢heon and
northeastermegions McFarland et al., 1998 Two seasons are predominant in Burkina Faso, namely
thewet and dry seasons. The dry season occurs from October toMdiap is followed by the wet
season from June until September (Bierschenk, 146Barland et al., 1998

Geographically, the capital city of Ouagadougowsitaatedat the centre of the cotny. The
Goren volcanesedimentary belis locatedin the Sanmatenga districthe beltis elongateand
northwesttrendingandextends from the towns of Kaya to Kongossi (Figure 1.1). The town of Kaya is
approximately 90 km northeast of Ouagadougou aisdalighe southeastern end of the belt. Kongossi
is 60 km from Kaya and lies at the northeastern end of the belt. The belt is composed of two 100 km
paralkel branches that are charactedzby topographic highs; the branches are separated by a
relativelyflat lying region up to 20 km wide.

An extensivderricreteprofile covers theGB as is typical for the West African craton in general
(Brown et al., 1994Beauvais et al., 2008The ferricrete formed durinthe Cretaceouderiodbut
was remobilised durinthe Palaeogendleogenen discrete erosion events, withr/**Ar dates of 59
45 Ma, 2918 Ma, 1811 Ma, 6 Ma and 3 Mérown et al., 1994Beauvais et al., 2008The last three
erosional periods were responsible for tbemation of distinct thredevel pediment surfaces seen
throughout the&sB (WAXI, 2013).

1.3.Project aims

The aims of this project include:

(1) To map the southern Goren volcasedimentary belt and to create both lithological and volcanic
facies maps.

(2) To identfy and classify the volcanic roskwithin the field area according tmlcanic texture,
volcanic faciesmineralogy and chemistry.

(3) To determinean original volcanic/tectonic setting using the composition, volcanic textures and
volcanic facies of volcanic arabsociated sedimentary rocks.

(4) To assesghe exploration potentidior mineralisation within the volcanic or metadimentary

rocks, speifically base metal sulphidesnd manganese
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1.4.Conventions and Acronyms

The referencing style adopted in this thesis is the Harvard style, used by the South African
Journal of Geology (SAJG).

The conventions and acronyms used in this thesis include:
CIPW - Cross, Iddings, Pirsson, Washington

GB - Goren volcanesedimentary belt

GPS- Global Positioning System

HFSE- High Field Strength Elements

HREE- Heavy Rare Earth Element

IAT T Intra-Arc Tholeiites

ICPMS- Inductively Coupled Plasma MaSgectrometry
LILE - Large lon Lithophile Elements

LREE - Light Rare Earth Element

MORB - Mid-Ocean Ridge Basalts

N-MORB - Normal MORB

OFB - Oceanic Flood Basalts

OGB - OudalanGorouol belt

REE - Rare Earth Element

TTG -Trondjemite, Tonalite, Granodiorite

VHMS T Volcanic Hosted Massive Sulphide

WAC - West African Craton

XRF - X-RayFluorescence

1.5.Thesis Organisation

This thesis is organisation into eight chapters including the Introduction as fellows:

(1) Chapter Two provides a review of the geolagywVest Africa, volcanology and volcanielated
ore deposits. Specific focus is given to the volcanic rocks of Burkina Faso.

(2) Chapter Three provides a detailed description of the methodologies used in this thesis. It includes
field work techniquedaboratory processes, data procurement and data emaB@me of these
processes include petrography, geochemical agmlgsd interpretatian and the use of
ArcGIS®, Google Eartfiand CorelDraW.
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(3) Chapter Four presents field results including volcamd sedimentary texturasck types field
relationships and characteristic features of the rocks and images.

(4) Chapter Five presents the results of petrographic studisslefted samples eblcanic rocks,
including their mineralogy and modal abdances, metamorphic mineralogies, alteration
mineralogies, angrimary and secondary textures.

(5) Chapter Six presents geochemical data, from major to trace element graphs, results, interpretations
and a briefcomparative study with geochemical wdrkm the Boromo and Houridbelts of
western Burkina Faso (Baratoux et al., 2011), the Tiebélé dome in southern Burkina Faso
(llboudo, 2010) and the Oudak@orouol belt in northeast Burkina Faso (Tshibubuetzal,

2013)

(6) Chapter Seven presents the DisaussThe GB, and several belts from northeastern and western
Burkina Faspis contextualized within a regional and global framework.

(7) Chapter Eight presents a summation in a Conclusion.

1.6. Limitations of the study

A major limitation to this studyvas the inability to continue fieldwork as a result of political
instability and war in the neighbouring country of Mali from February to April 28dr@igners were
restricted from access tBurkina Faso north of the 1¥®arallel (Figure 1.1) or advised gainst
unnecessary travellhe result wasa smaller sample suite arsinaller mappingarea However, a
comparativeggeochemical study was undertaken using data for volcanic samples from various-volcano

sedimentary belts in Burkina Faso as an expanded study.
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2. REVIEW OF WEST AFRICAN GEOLOGY

2.1. Stratigraphy

The West African Craton (WAC) is made up of Archaean and Palaeoproterozoic rocks and is
divided into the Reguibat Rise in the north and the-Mem Rise in the south (Thiéblemont et al.,
2004) (Figure 1.1) The LeeMan consists of two domains, namely the ArchaeamefhaMan
domain (354 Ga) in the southwest and the Palaeoproterozoic Bada#si domain (2.4.8 Ga) in
the east (Feybesse et al., 2Q06ijth the exception of th&énieba Kédougouand Kayeslinliers,
located between Mali and Sened&igure 1.1) The Birimian Supergroup makes yart of the
BaouléMossi domain and was deposited ca. 2.3 Ga (Feybesse et al., 2006; Pawlig et al., 2006).
Deposition was followed by local miciaate accretion during the Tangaean Event at 215 Ga
(Tshibubudze et al., 2009; Hein, 20HBaratoux et al., 2011; Tshibubudze and Hein, 2013; WAXI,
2013) and the polycyclic Eburnean Orogeny at approximatefy205Ga (Milési et al., 1991, 1992;
Boher etal., 1992; Taylor et al., 1992VAXI, 2013). The Tarkwa Group unconformably overlies the
Birimian Supergroup and is charactedzy conglomerate, quartzite and shale ubits does not crop
out in thestudy area The Tarkwa Group is interpreted to be throsional product of the Birimian
Supergroumnd was intruded by various TTG suite plutons and deformed by the Eburnean Orogeny
(Hastings, 1982; Leube et al., 1994ilési et al., 1992; Castaing et al., 2003)

The stratigraphy of the WAC wagriginally establishedby Junner (1935%)who identified
dadtic/rhyodacitic volcaniclastic greywacke shale and chemical sedimentary uniiswhat was
termed the lower Birimian. Leube et al. (1990) identified tholeiitic bag@ttercalated with
volcaniclasticsequencésas the upper BirimianThe tholeiitic basalt and volcaniclastic sequences
formed at the same timée local sedimentary basins. Junner (198940), Ledru et al. (1991), and
Milési et al. (1989, 1991) interpretélat the volcanic sequencegereyounger than the sedimentary
basins. However, Hein et al. (2004) and Hein (20t6hcluded that the volcaniand meta
sedimentaryrocks formed part of an intercalated sequence. Baratoux et al. (2011) argued that the
sedimentary basins in western Burkinasé-aexhibited complicatedtratostructural relationships
making it difficult to establish locatratigraphy However, recent studies by WAXI (201&)ncluded
that the stratigraphgf the WACis dependent on the spatial and temporal distribution of keétsve
to accretionary terranes.

Importantly, a detailed stratigraphic stuaglgs conductetdy Baratoux et al. (2011) acrossee
greenstone belts in western Burkina Faso (namely the Boromo, Houndé and BanfdréFigeits
1.1). Their study confirmed that the beltsare composed otalcalkaline andesiteand dacite
intercalated tuff layers, pyroclastic flows|n-Fe rich chert layers andolcaniclastic sedimentary

rocksthat overliebasal units of tholeiitic basalThe study clearly showed that thidle basalts are

22



older than the cafalkaline series of lavatr the Boromo, Houndé and Banfora belkowever,
cratonwide studiedy WAXI (2013)indicatad that the stratigraphic order of volcanic rocks cannot be
generalised(some beltsdo not hosttholeiitic andbr calcalkaline volcanic rocks)and thus the

stratigraphy of each greenstone belt mustdiablished independently.

2.2. Granitoid and dolerite emplacement

The emplacement dbnalitetrondjemitegranodiorite (TTG) plutonand granitesn the WAC
is restricted to 2200, 2162130 and 210@070 Maaccording to Pawlig et (2006 and Gueye et al.
(2008) The Palaeoproterozoic Birimian Supergroup was systematically intruded by a swité& of
granitoids,diorite and leucogranite plutonsqis et al., 1995; Naba et al., 2004; Pawlig et al., 2006;
Vidal et al.,, 2009).TTG and diorite mplacement at 2200 Ma and 218030 Ma preceded the
EburnearOrogeny, whilegraniteleucograniteemplacement at 21e@070 Ma was concurrent with the
Eburnean Qwgeny (Leube et al., 1990; Cheilletz et al., 1994; Pons et al., 1995; Hirdes and Dauvis,
2002; Pawlig et al., 20065ueye et al., 2008; WAXI, 2013T.he presence of TTG suite plutons in
West Africa is interpreted a@ndirec! evidence for subduction in tHerecambrian (Martin, 1994;
Martin et al., 2005) becau3&d G have some similarities to modern slab melts and arc magmatic rocks
(Drummond and Defant, 1990).

In Burkina Faso, two granitoid emplacement events are recognized (Castaing et al., 2003; Naba
etal., 2004) (1) a suiteof granodiorite, tonalitend dioriteplutonsintruded the BirimiarSupergroup
(22102160 Ma) and (2) a granite suite intruded the Birimi@opergroumand TTG suite granitoids
(21502130 Ma) (Castaing et al., 2003). Aitsuof grarodiorite and granite plutor{(22552253 Ma)in
the OudalarGorouol belt (OGB)f northeast Burkina Faso may represent basement to the Birimian
Supergroup in the WAC (Tshibubudze et al., 2013).

A swarm of WNW and NWAfrending dolerite dykes crossdhie WAC including theGB. They
aregenarllycomposed of plagioclase, clinopyroxene and magratidiere currently dated at 215 + 15
Ma (K-Ar whole-rock age) (Hottin and Ouedraogo, 1992)

2.3. Metamorphism and deformation

The Birimian Supergroujm northern Burkina Fasonderwenteformationduring the Tangaean
Event(21702150 Mg (Tshibubudze et al., 23; Hein, 2010;Tshibubudze and Hein, 20183 well as
cratonwide deformation associated with regional metamorphism duringlienean Orogen{2145
2100 M3 (Hein et al., 2004Feybesse et al., 2006; Hein, 20B3ratoux et al., 201Ifshibubudze
and Hein, 2013WAXI, 2013), anddeformation during th&/aboTampelse Evenfundated)Hein et
al., 2004; Hein, 2010; Baratoux et al., 2QNletamorplic grades during the Tangaean reached lower
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greenschist facies at most (WAXI, 2018egional metamorphisim the Eburnean Orogerattained
greenschist facies (Milési et al., 1989, 1991; Bossiere et al., 1996; Hirdes et al., 1996) with the
development of ldorite, muscovite, epidote and actinolite mineral assemhlageslow to medium
grade amphibolite facies with the introduction of hornblende (Bossiére et al., 1996; Béziat et al., 2000;
Debat et al., 2003; Naba et al., 2004). Granulite facies metamanakiscrop outin the Oudalan
Gorouol belton the margin of the Dori batholitim the Gorom Gorom region (Tshibubudze and Hein,
2013) and in the Pissila batholith in the Saaba region (Simoko, 2012).

Three deformation events are recognised in norttiakina Faso:
(1) D1 (Tangaean Event) resulted in Nwénding dextral reverse shear zones, folds am&h
foliation. The shortening direction was Sififected (Tshibubudze et al., 2009; Hein, 2010;
Tshibubudze and Hein, 20131 is recognised in northel@hana by d Kock et al.(2011) and
southern Ghanby Perrouty et al. (2013s the EoeburnedVAXI, 2013).
(2) D2 is characterzd by NNENE trending shears, folds and &2 foliation parallel to axial planes
of the folds, caused by N\BE compression whiicis defined by the Eburnean OrogeMilési et al.,
1989;Feybesse et al., 2006; Hein, 20Baratoux et aj 201).
(3) D3 is chaacterizd by WNWtrendingshears and folds. An associated S3 foliation formed during
N-S compression. This event is termdé tWabeTampelse Event (Hein et al., 2004; Hein, 2010;
Baratoux et al., 2011)

2.4. Metallogenesis

Metallogenesis in the northeast of Burkina Faso includes gold, diamdneBe, silver, lead,
molybdenum, copper and zinc (Hastings, 1982; Milési et al., ,19892; Hein et al., 2004;
Tshibubudze et al., 2009 the OudalarGorouol belf manganesalepositsoccur at Tambado and
Billiata (Figure 1.1)and FeTi-V mineralization occursn the Tin Edia depositGold occurrences
include commercially mined goldfields such &ssakar, Inata and Taparko goldfieldas well as
artisarally mined depositssuch as Falagountou artisanal mifibey occur as shear and quartz vein
hosted depositDiamondiferous lamproite and lamprophyre plugs and dykes crop out NNW of Kaya
in the Pissila batholith in the Barsalogo diamond field, with rare kimberlite piipaXI, 2013)

In other parts of the WAC, ickel, chromium and platinum group elements (PGEs) occur in
ultramafic layered intrusions (Mickus, 2008). Schwartz and Melcher (2003) des(tibéd-Ag-Ba
mineralisation at PerkoéFigure 1.1) which they classified as a volcariosted massive sulphide
(VHMS) deposit and (2) CuAu mineralisation at the Gaoua deppsithich they interpreted as
porphyry copper in style. Such mineralisation styles are known to form in compressional tectonic

environments and support the idea that one or many arcs exisietoi et al., 2011). The syn
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volcanic VHMS deposit of the Tiebélé Dome in the south of Burkina Faso is a sphalerite bearing,

zinc-rich exhalative deposit (llboudo, 2010).

2.5. The Goren volcanesedimentary belt

The Goren volcansedimentary beltwas deposited approximately 24PB00 Ma andis
characteried bya conformable sequence of sedimentary rqcikéerbedded with volcaniclastic and
pyroclastic deposits. Intercalated with this succession are mafic to intermediate volcanic rocks (Hein et
al., 2004; Hein, 2010). Theelt hassubsequentlpeen subjected to three deformation evestaell as
intruded by various intrusive bodiesid is metamorphosed subgreenschist to middle greenschist
facies Hein et al., 2004K S 2 btalk2008)

Hein etal. (2004)establishedhe stratigraphy of the GRBvhich comprisesa successiormf
siltstone and volcaniclastianits that straigraphically young into a mafieintermediate volcanic
succession The volcanic rocksare made up ofan intercalatedsequence ohyaloclastic basalt
pillowed basalt massivevariolitic basalt, andesite and dacite. The ummationof the stratigraphys
made up ofa second/olcanasedimentary successi@ontaining siltstonshale beds, pebblsoulder
conglomerates, greywhe-turbidite, felsic pyroclastic deposits, with thintercalationsof basalt and
andesitgFigure 2.1)

Immediately west othe GB volcanic, pyroclastic and sedimentary sequenceinteled by
several tonalite and granodiorite plutoasgd amegacrystiaranite as well as a number gfeenschist
faciesmetagabbro andnetadiorite intrusionsThe Loudo and Pissila batholith crops out east of the
GB. The Pissilabatholith is made up of biotite and hornblende granodioffegure 2.1.)(Simoko,
2012; WAXI, 2013) andis crosscut by tonalite dykes and pegmatite veilNW-NW trending
doleritedykes(215 + 15 Ma;K-Ar wholerock age Hottin and Ouedraogo, 1992josscut the GB
(Hein et al., 2004; Hein, 2010).

The supracrustasuccessions, Pissila batholitmd various mafic intrusionsf the GB were
deformedduring the Tangaean Eveat 21702150 Ma (Hein, 2010)This was followed by a second
deformationin whichthe supracrustal rocks were progressively subjected teS&Vghortening during
the Eburnean Orogny (21452100 Ma; WAXI, 2013)as well as the emplacement of granodiorite and
tonalite plutonsD1 and D2 structures were crogs by theWaboTampelse Event(undated)in a

period of northsouth shortening
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Figure 2.1. The Goren volcangedimentanbelt is presented showing the locations of Kaya, Mané, Guilla, Korsimoro,
Sirgui artisanal mine and Tangapella hill. Northwest and northeast trending shears and thrusts are represented as well as
WNW trending shears of the Wabampelse Event. A variety gfanodiorite intrusions are shown including the Pissila
batholith and Loudo granodiorite that crop out to the east of the Goren belt. The Silimidougou megacrystic granite crops out
to the west of the Goren belt. This image is modified after Hein e0@4Y2nd Hein (2010).
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3. METHODOLOGY

3.1. Field Methods

A desktop study of the field area was completed using high resolution satellite imagery from
Google Eartl? prior to fieldwork. The images were studied in order to determine the most efficient
way to undertake mapping, reconnaissance work, identifying possible sample location sites and
possible traverse lines. Geological mapping focused on contacts, strutdares,delineation and
volcanic textures. The purpose was to create geological and facies(Figyre 3.1 and3.2) with
relevant cross sectiorfgigure 3.2) and graphic logs of field travers@Sigure B1 and B2, Appendix
B). Wherever possible, lithologgevhere coelated from outcrop to outcro@utcrop was limited to
the ridges.

Field mapping was conducted withe essential tools. These included a compass clinometer to
measure bedding and structural orientati@ms] a GPSthat recorded the cordinaesof the station
points. The cordinates recorded on the GPS correspond to the UT3&®4 grid systeniZone 30P)
Photographs were taken at every station point to provide evidence of obseraatidastures

Three field seasons were planfedbetweenlanuary 2012 and Decemt813;however, only
two were completed. The fieldreawas officially declared unsafe in January 20k&ause otivil
war in the neighbouring country of Malindaccess tahe GB wasrestricted to foreignerue to the
restricted access comparative studywas undertakensing geochemical datay llboudo (2010 for
the Tiebélé Dome in southern Burkina Faso, and Baratoux et al. (2011) for the Boromo, Houndé and
Banfora beltsin order to investigate similaiits and differences with the samples from the GB.

The January 2012 field seas@as areconnaissance season intended to gain insight into the size
of the field area and ideal locations for samplihgnited samplingand mappingwas completed
during this time. The MarchApril 2012 field season focused on detailed geological mapping and
sampling.

The spacing between traverses varied, depending on accessibility, but never exceeded 3 km.
Sampling was completed along each traverse in such a wayeasure acquisition of a broad sample
suite with specific focu®n weakly deformedzones of low metamorphic grad@ermissions were
gained from the Bureau des Mines et de la Géologie du Burkina (BUMIGEB) to remove samples from
Burkina Faso. Theasnpleswere transported to the University of the Witwatersrand Johannesburg for
preparation andeochemicahnalygs, as well as petrographic study.

A unique aspect of this study was the identification of volcanic facies in the field, in conjunction
with an analysis of sedimentary rock®th of which required considerable time and fo¢iein et al.

(2004) attempted to classify sequences of volcamik on volcanic textures the GB; lowever a

careful facies study, coupled with geochemistry and petrography pdamight into the volcanic
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environment at the time of depositiom a similar way that sedimentary rockeve yielded
information about provenance and crustal evolution (e.g., McLennan et al., 1990, 1995).

In ancient terranes, such as the WAC, metamorphism, deformation and erosion limit the
preservation of volcanic xeures (McPhie et al., 1993). However, in regions where metamorphism and
deformationarelessintense, textural preservation of samples may exist.

The study of volcanic textures is an effective way of delineating volcanic facies. It enables the
identificaion of both coherent and volcaniclastic facies (Cas and Wright, 1987; McPhie et al., 1993)
The termvolcaniclasticin this context includes rocks from autoclastic, pyroclastic and reworked
volcanesedimentary facies (Lajoie, 1984; Lajoie and Stix, 1992PMe et al., 1993). Hyaloclastites
and flow breccias indicate autoclastic facies, which often acearcoherent lavas (Lajoie and Stix,
1992). Lavascan develop numerous textures, mostausef cooling such as those observed in the
GB (e.g, hyaloclastites, jointing and volcanic glass).

For example, tb greenschistaciesMt Reid volcanicsof western Tasmania yield fairkyell
preserved/olcanic texturesvherethe rocks arenot stronglyalteredby hydrothermal processes amd/
deformed (McPte and Allen, 2003). An example of this the devitrification of volcanic glasas
described by McPhie and Allerog cit.,, 2003, crystal boundaries remain intact and the glass
recrystallises as zeolites with a minor proportion of clay minerals.

As a futher examplemetamorphosed Triassimsaltlavasin NW Croatiawereinterpretedas
proximal to intermediate facidsy P al i n k a ¢ghasedton wlcanic téxu@OsBich as closely
packed pillows, hyaloclastite, pepperite and tortsisell jointing. These textures unequivocally
evidencedsubaqueousft-related extrusion.

It is without doubt that determining individual flow units or thegaral geometries of volcanic
centrescan be difficult, especially in old terranes. However, facies relationships are important as they
provide strong evidencef environments of deposition. & are useful for palae@nvironment
reconstruction andstablifiing metallogenic potentiallThus the approach of Cas and Wright (1987),
McPhie et al. (1993), Allen et al. (1996), and McPhie and Allen (2008yatysingvolcanic faciesn

detailto establish the environments of deposition, have been used in thizhesea

3.2. Laboratory Methods

X-ray fluorescence(XRF) and inductively coupled plasma masgestrometry (ICPMS)
analyses were completed at the Earth Lab at the University of the Witwatersrand, Johannesburg.
Twenty-nine (29) samples wei@nalised The XRFanalyses werable to determine the composition
of each sample in terms of major and minor elemel@®-MS analyses wereompleted to
specifically measure the composition of minor and trace elements. Also, by using two different
methods of analys, potential discrepancies could be detected, e.g., similar Zr values (in ppm) from

both analyses indicated consistent results and improved confidence.
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Samples were initially crushed into smaller pieces using an automated crusher manufactured by
Dickie ard Stockler (Pty) Ltd. These fragments were then ground to a fine powder in a pneumatic
milling machine, T&50 MILL manufactured by Dickie and Stockler (Pty) L&l crushing and
milling was done with extreme care as to avoid contamination. Thoriughindeayjood packaging
and correct labelling was ensured to provide a high level of quality control (QA/QC) during sample
preparation. Many of the samples were analysed twice to ensure that no erroneous errors were

produced, thus assuring QA/QC during sangplalyses.

3.2.1. Summary of XRF Analgse

Analysis for all mgr elements was completed orfused disk.Preparation of the fused disk
included:

(1) All samples were ignited at 100D for 40 minutes and the LOI (Loss of Ignition) was calculated.
(2) Theignited sample was mixed with a pgrited flux (with composition LB,O; = 47%, LbCO; =
36.7%, LaO; =16%) in the ratio of 1:5 and fired for 40 minutes at £@00

(3) This was then poured and pressed by a mechanical press into a fused disk.

All data colection was performed on a PANalytical PW2404 WD XRF manufactured by
Axios® at the EarthLab at the University of the Witwatersrand, Johannesburg with a Rh tube set at
50kV and 50mA an analysis time of 40 sec per elememd 20 sec per background (backgrds
were measured for Si, Al, Mg, Na and P only). The specific elaahdaia is presented in Table 3.1.:

Element Analysis Line Crystal Collimator Detector
Ti Ka LiF200 150 pm Flow
Ca Ka LiF200 150 pm Flow
K Ka PE 002C 550 ym Flow
Si Ka PE 002C 550um Flow
Al Ka PE 002C 550 ym Flow
Mg Ka PX1 550 um Flow
Na Ka PX1 550 pm Flow
P Ka Ge 111C 550 pm Flow
Ni Ka LiF 220 150 pm Duplex
Fe Kb LiF 220 150 pm Flow
Mn Ka LiF 220 150 pm Duplex
Cr Ka LiF 220 150 pm Duplex

Table 3.1 Major elementalibration instrument parameters
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The elemental concentrations were obtained by comparison to 13 known standards. The
standards used included W2, GSP1, BHVO2, AGV2, G2, DTS1, PCC1, BCR2, NIM N, NIM P, NIM
S, NIM D, NIM G (Govindaraju, 1994). A synthefitternal standard was run after every 5 analyses to
monitor and compensate for instrumental difgreement to recommended values was better than
0-7% for all major elements and 5% for trace elements.

All trace elements were analysed for pressed pellet. The preparation of the pressed pellet was
achieved by mixing approximately 6g of sample with three drops of 4% commercially purchased
Mowiol (polyvinyl alcohol). This mixture was then pressed under hOpt@ssure into aaluminium
cup using a 40 ton press. The pressed pellet was allowed to dry for 24 hours prior to analysis.

PANalytical software Protrafewas used to process the raw data. The standards used for the
calibration were the standards supplBdPANalytical. Protracedrift standards weralsorun after
every five analyses to compensate for instrument drift. Internal checks were performed by analysing
known standards as unknowns and comparing them to reported concentrations. The knowrs standard
used were AGV2, BHVO2, GSP2, NIM D and NIM S (Govindaraju, 1994).

3.2.2. Summary of IGMS analyse

The methodology for ICP data is taken from the Earth Lab at the University of the
Witwatersrand, Johannesburfhe samples were prepared in a clearotatiory, which had special
HEPA filters along with other filters that remove all airborne contaminants. Samples were dissolved
in a MARS microwave digester.

50mg of sample was added to 6ml HF/HN@®:2) and placed into the microwave digester at
235]C and 4B PSI, for 40 minutes. Samples were then evaporated on a hot plate at 70°C until all
liquid was evaporated. 2ml of HN@as added, the beakers capped and placed on a hot plate at 60°C
for 24 hours. The cap was removed and beakers placed on a hot fat€ aintil all liquid was
evaporated. 2ml of HNQwas then added and left to evaporate. Once all the liquid was evaporated
100pl of HNG; was added and the sample was ready for the ELAN-BRZP-MS, manufactured by
PerkinElmer Sciek
The samples were diletl with an internal standard and introduced into fBE-MS through a
nebulizer wherghey weremixed with agon gasTheythen passed through plasma whighsat 75
000°C. The elements in the sample were ionized by the plasma and became positively lmharged
losing their loosely bound electrons. These positively charged ions then moved into the quadrupole
where they were sorted based on their mass to charge ratio, after which, they moved to a detector
which received the ion signal that was proportionatht® concentrationThe concentration of the
sample could be determined through calibration with certified reference magedhl as single or
multi-element reference standardSvery ICRMS determination was accompanied by control
standards BCR, BHVO-1 and BIR1 and for all elements the deviation was less than 10% from

recommended values.
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3.3 Petrography

Polished thin sections and ore blocks were made for variotsef@eted basalt and sedimentary
samples. This included thin sections of 28 basalples 9 dykes 3 Mn-Ferich carbonaceous
sedimentaryrocks 1 pyroclastic brecciaand 1 volcaniclastic greywacke sampléhe ae blocks
included2 basalsamplesand 3Mn-Fe-rich carbonaceousedimentay samples.

Petrographic analysesing transntted light microscopy included:

(1) Mineralidentification

(2) Determination of modal abundees for each mineral

(3) Classification of the sample according to its mineralaggtalteration

(4) Identification of textures including primary volcanicand sedmentary textures as well as
secondary metamorphénd alterationiextures

(5) Determination of the etamorphic gradasing the mineralogy.

Reflected light microscopy was used to idignoxide and sulphideninerak, their relationship
to silicate mineralsand how theywere hosted (e.g. disseminated, wiosted). Their modal
abundances, sizesid occurrencawere described.

Photomicrographs were taken of selected samples in order to emphasisetexdrieds These
images were captured using an Olympus DP26 camera whiclatteahedto an Olympus BX51
petrographic microscope. Reflected light petrography was operated by an Olymp«2)d Hght
box. The software used in conjunction with the Olympus microseouk camera was Olympus
Stream Essentidlsversion 1.7. Images were taken, after which the appropriate scale bar was burned

onto the image.

3.4. Maps and images

Google Eartfi, ArcGIS® 10, Corel DraW 9 and Adobe lllustrat6r CS 2were used to create
mapsand image. Station points were imported from a Garmin Etnégh sensitivity handheld GPS
device to Google Earth This process was done during field work as it assisted with daily field
planning. A mosaic of the field area was created using Google Esatkllite imagery. The mosaic
was imported into ArcGI% then geeeferenced to the WGS84 UTM -codinate system for UTM
Zone 30. Grid lines were added in ArcGIShe image was exported to CorelDfawhere polygons
and lines were overlain. The polygons and lines represented the lithologies, structure and
infrastructure(Figure 3.1). Adobe lllustratof was used to create the facies ni&jgure 3.2), facies
model(Figure7.1), and other schematic diagna.

Microsoft Publishet 2010 was used to edit and format all geochemical grapfer toFigures
6.1-6.19, after they were created in Sigma Platersion 11.0and Microsoft ExceP 2010. All

calculations concerning the geochemical data werapkted in Excef’. The calculated dataere
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then copied into Sigma Pfoin order to produce scientific graphs that Excel cannot do, such as

ternary diagrams.
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4. ROCK TYPES OF THE GOREN BELT

4 .1.Introduction

The rock types of the southern Goren B@hB) consistprimarily of basaltunits that are
intercalated with a succession of sedimentacks andoyroclastic breccialhese rocks we intruded
by TTG suite plutons including the Pissila Batholith and the Loudo granod{bigere 2.1), and
pyroxenite, dolerite and aplite dykes. The basalt, sedimentary rockspsgratlastic breccis are
metamorphosedo subgreenshist (KSlkek et al., 2008)or middle greenschist faciegHein et al.,
2004) with amphibolite facies adjacent to plutons and dyKéss resarch was focused in areas of the
southernGB, whereprimary volcanic andsedimentaryextures wer@nly affected bysubgreenschist

andlower-middle greenschist faciesetamorphism

4.2 .Basaltic rocks

The basaltsof the southerrGB exhibit limited, butdistinctive volcanic texturedypical of
basaltic rocks. Thewre homogenousfine-grained,and brownishgreen in colour on fresh broken
surfaces Texturessuch as vesicles and amygdalesopii and hyaloclastibrecciationare comman.
Less commoreatures includeortoiseshell jointing, varioles and flow bandQuartzcalciteepidote
veinscommonlycrosscut the basalts

Aphyric to aphaitic textures dominate the study area They are typically composed of
plagioclaseclinopyroxenamicrolites(appraimately 2:1) The modal abundanceangedrom 520 %
plagioclase and-20 % cliropyroxene.

Porphyritic basalts crop ousouth of the Mané Road (Figurd.l); they are predominantly
plagioclasephyric with plagioclase crystals ranging from @l15 mm) with rare occurrences in which
plagioclase crystals measufe2 cm in length(station point G1202-099; UTM 30P 696917,
1441719) Theseporphyritic basaltare thudike the megacrystic tholeiitic basalt undsscribed by
Baratoux et al. (2011) from the Hounend Boromo belts (Figure 1.1).

Amygdalesare present in most outcrops and incremseoncentration near the margin of
individual flow units. It was difficult to identify multiple flow units in the field because of poor
outcrop continuity, but some evigee suggestethatmore than one flow unit existed. Such evidence
included the upper boundary of a flow unit continuing into the lower boundary of another, separated
by a thin chill margin.Pipe amygdalesre preservedin some outcrops (cordinatesUTM 30P
0713145; 1431643 andTM 30P 713245; 1431519) andre oriented towards the upperangin of

individual flow units.
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Figure 4.1.Photograph of plagioclase crystals in porphyritic basalt (rare) demonstrating prefereveathering. Crystals
measure 1.5 chim length(Station point G1202-098; UTM 30P 693240; 1443452

Hyaloclastic basalbrecciascrop out throughout the southe@B as discrete units and as inter
pillow detritus in pillowed basalt unitsCommonly pillow basalt grades into hyaloclastite breccia
units. Breccia fagmentsare surroundedby a fine crystalline matrixandor altered volcanic glass
Hyaloclastitebreccia dormates in units of loosely packed pillow&igure 4.2).

Pillow lavasare d&undantthroughout the study argparticularlyin the westernarm of theGB
between the Mané road and Kaya-Ouagadougou nationhighway The pillows rangin size from
10 to100 cmacross
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Severaloutcrops presentwell defined reentrants,with vesicle accumulation on the pillow
margins and chilled margins (Figure 4.2b, & Stratigraphic facing was established from the
orientation of the pillow rentrant, the direction of pillow inflatignrand the direction in which
amygdales increased in concentratidihese texturemdicated thathe overallstratigraphicfacing
direction was north-northeastwith only one facingwestsouthwestlocality (Station point G1:02-
131) The pillow forms decreada stratigraphically upwardyhich isa texture described byicPhie
et al. (1993) who observed that pillows tended to decrease in size assthaygraphicallyyoung
during a period of contirmusvolcanism. In the study areadacrease in pillow size was observed over

a distance of 5 m

Figure 4.2 (a) Photograph of pillows in a hyaloclastic breccia (Pi = Pillow; Hy = Hyaloclastite) where the hyaloclastic
breccia is observed in the intpillow domains (Sample Gi22-110, UTM 30P 694964; 1440271). Pillows are-20 cm

with chill margins less than 1 cmith. (b) Photograph of amygdaloidal pillowed basalt with amygdales concentrated on the
pillow margins compared to the centre of the pillow (Sample-@B, UTM 30P 694317; 1443450). The amygdales are
elongate toward the margin of the pillow and measure2rclength(c) Photograph of hyaloclastic pillow basalt displaying

an ~10 cm pillow with welllefined amygdale accumulation on the margin of the pillow, with hyaloclastic breccia enclosing
it.
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In some locationspillows are flattened (Figure 43d). Furthermore, arange ofsynvolcanic
deformationtexturesare present and these relate dooling of the basaltunits after extrusion The
deformation textures included:

(1) Pseudapillows represening a texturederived fromcooling of massive basg(t.f., McPhie et al.,
op cit.).

(2) Syn-volcanic ensile fractureg¢Figure 4.3p. These fractureareapproximately 5 cm in length and
are caused by diffential cooling of the basalt pile.

(3) Tortoiseshell joints which areinterpreted to be the result thfeinteraction of lavawith cold fluid,
water or air during extrusioffrigure 43c).

Flow bandingoccurs The bandameasure~1 cmin thickness(Figure 4.4% The bandsare
mineralogically controllegasobserved by the colour of each bahducocratic bandareplagioclase
rich whereasnelarocraticbandsare epidotechloriterich.

The basalunits soutkeast of the Mané ¢ad and adjacent to the Sirgui artisanal niifigure
2.1) are texturally welpreserved. They not onlshow weltdefined pillow basaltsbut a variety of
features related tdlow and cooling. This includetyaloclastite(Figure 4.4, jointing and flow
banding. Differential weatheringexposedlarge plagioclase crystals (0152 cm) which stand out
outcrop(Figure 4.1)

Variolitic basalts oop out between Manand the Silimidougou megacrystic granite and in
isolated outcrops in the Tangapella region, in the central norther(Fi@Bre 2.1) The variolesare

approximately 0.82.0 cm in diameter and composedpfgioclase feldspar crystals.
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Figure 4.3.(a) Photograph of pillowed basalt that has undergone flattening (Station poir0&083; UTM 30P 703920;
1446075). Reentrants and rinds are still visible. Stratigraphic facing is to the n¢tgp of the photograph)b) Photograph

of a basalt with vertical fractures that are interpreted to be the result of cooling (Station poirf@282; UTM 30P
703585; 1426248)c) Photograph of tortoise shell jointing in basalt that is interpreted to be the result of cooling €ampl
G1202-095; UTM 30P 695421; 1443258). Polygonal jointing is fairly vekdfined.
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Figure 4.4. (a) Photograph of flow banding in a basalt (Station point @P2098; UTM 30P 693240; 1443462he flow
bands were identified by light and dark banding fisainterpreted to be caused by differentigiheral accumulation(b, c)
Photographs of hyaloclastic basalt interstitial to loosely packed pillowed b&Stdtion point G1202-099; UTM 30P
696917; 1441719). Various shapes result from fragmentation dfab&it and standutdue to differential weathering.
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4.3 Metasedimentary rocks

Siltstone, volcaniclastite, greywackenda exhalativeMn-Ferich carbonaceousedimentary
rocks constitutean interbedded sequence of sedimentary rocks in the GB. Individual lithologies are
between 2 and 50 metressnaigraphicthickness.

4.3.1. Siltstone

The laterally extensivesiltstone units in the GB are noticeably defornaadl tightly folded.
Structurally,they have well-defined cleavage planes, midalts and outcrosized isoclinal folds.
They are made up diternating Feich and Fepoor bedsof fine-grained, silisizeddetritus(Figure

4.53). Bedsrangein size from5 mm to 6 cmPlanardaminationsarewell preserved

4.3.2.Volcaniclastite

A poorly sorted, medium to coargeainedvolcaniclastie unitcrops out along both arms of the
southernGB, particulaly, along the western arm. The volcelaistiteunit consiss of fine tomedium
grainedplagioclase chlorite andfine lithic fragments It is commonly interbedded with the siltstone

and basalbut the unit is poorly exposed across the study are&gubrly preserved.

4.3.3. Greywacke

The geywackesuccessioiis volcaniclastic. In outcromrimary beddindgeatures such as planar
cross bedding, flame structures, mud drapes, dhtertbeds conglomerate beds-20 cm thick) and
scour markarepresent. Thgreywacke igypically coarsegrainedandpoorly sortecandis composed
of quartz, plagioclase, hornblende, clinopyroxene and chert cldstssucession is pyritised in part
with visible pyrite in some bed®.g. Station point G1-D2-118; Figure 3.)}. The succession trends
northwest and dips northeast with aamestrike and dip of 145° 54° NE.

Interbedded anglomeratehorizonsalso present asasal uni of a finingupwards succession.
They are characterizeal rounded to suboundedpebble quartzite (0.54.0 cm), with minor chert
pebbles(Figure 45b) that grade into gritstonesandstone and siltstonepresenting an overall fining
upwards sequend€igure 45c, d. Mud ballsarealso seen throughout the greywacke succession

4.3.4. Pyroclastic breccia

A northwesttrendingpyroclastic brecciaeposit crop outalong the western brandf the GB(Figure

3.1) as an interbed with the greywackesuccessionandover a strike length of gproximately 5 km.
The unit has been dated at 2192 + 8 (W-Pb zircon, WAXI, 2013)and is reported by Hein et. a
(2004) as the upper volcaisedimentary sequence for the GBhe pyroclastic breccias generally
polylithic, ungraded and poorsorted It is made up ofeuhedral to suiedral crystals of quartz,
plagioclase, hornblende and minor clinopyroxene. Crystéliimenite and magnetitare visiblein

hand specimen. Sub-rounded blocks and bom[s20 cm in diameter) are accidental lithic fragments
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Figure 4.5 (a) Photographs of siltstone showing weé#fined Ferich and Fepoor laminations (G122014; UTM 30P
711294; 1431532). Bed thicknesses range from 1 mm to 5 cm.-Mdidts crosscut the siltstone. The siltstone exhibits well
developed cleavage planes, pantarly prominent in the Feich layers. (b) Photograph of a fining upward greywacke
succession with thin monomictic conglomerate interbeds making up the basal unit of Bouma sequer@2416&,109TM
30P 708845; 1431001). The basal layer of Unit 2 is casagdof coarsgrained gritstone compared to the conglomerate
layer of Unit 1. The depositional environment is interpreted as a marginal meffisieore setting(c) Photograph of a
poorly sorted volcanogenic greywacke deposit with angular fragments. Eheagke is composed of rounded chert clasts
and is matrixsupported (Station point Gi22-010; UTM 30P 696828; 1443986(d) Photograph of a polylithic, poorly
sorted, massive volcanogenic greywacke (Sample021®3, UTM 30P 709616; 1429270). The angdfagments measure
up to 3 cm in size.
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interpreted to have been orporatedn the breccia during volcanic erupti¢s). Ash and lapillisized

detritus in the breccigariesin size from 1 mm to 5 crfFigure 46 a, b.

4.35. Mn-Fe-rich carbonaceousedimentary rocks

NorthwesttrendingMn-Fe-rich, carbonaceous sedimany rockscrop out throughouthe study
area, parallel to the overall lithological treofithe GB These rocksare characterizebly fine-grained,
carbonbearing massiveunits, or finely laminated units with a variable amount of carbon. They
commonly exhibit softsediment deformation textures such as randomly orientated, -smstce
isoclinalslump folds. They are interpreted to have formed during gravity sligmagy tolithif ication

The Mn-Ferich sedimerdry unitsare often interbedded with thin (1.0 cm thick) chdréds
They are dominated byankerite, hematite, magnetitend braunite. €ntimetrescale botryoidal
texturesare presersindare common supergene alteratfeaturesof Fe and Mn minerals the WAC
Light-coloureddolomite bedg5 to 30 cm thick occur as interbed within the MnFe-carbonrich
beds. The Mn-Ferich carbonaceoussedimentary rocks are crosscut bydbdingparallel and

stockworkbrecciated quartzarbonate veins.

Figure 4.6 (a-b) Photograph of a polylithic, nebedded, lapilibomb dominated pyroclastic breccia deposit with angular to
subangular crystals of ilmenite, magnetite, plagioclase, quartz and hornblende, ranging in size from 2 mm to 7 cm (Sample
G12-02-126, UTM 30P 70938 1424791).

4.4. Intrusions
4.4.1. Mafic dykes and sills

Undated proxenite and dlerite dykes and sills (20 m teeral hundreds of metres) crosscut
the supracrustal rocks tfie field areaThe dykes and sillsrendnorthwest parallel to subpardlel to
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bedding,and cropout throughout theouthernGB. They aremedium to coarse crystalline (624cm)
and composedf plagioclase, clinopyroxene, hddlende and minor orthopyroxene.

Variations in composition and modal abundanaesmeasuredDolerite dykes and sillavere
characterized by average modal abundances of 45 % plagioclase -46d%@linopyroxeneThe
remaining mineralogis identified as Fexides Hornblende usually nk&s upapproximately 10 % of
the modal abundance when presémiSampe G1202-017,the proportion of hornblende attaindd
%; hornblenderich doleritehasa proportiondly lower percentage of clinopyroxene

The pyroxenitedykes and sillswere classified according to their higher proportion of
clinopyroxenerelative to plagioclase. This tgpically 7080 % clinopyroxene with less than 15 %
plagioclase.

4.42. Aplite dykes
Northeasttrending aplitedykes occuin the GB. They arenediumgrained (3 mm crystal size)
with visible quartz, plagioclase andfildspar.

4.4.3. Loudo ganodiorite

The Loudo granodiorite crops out south of Kaydhie study area. Was described by Hein et
al. (2004) ashornblende granodiorite with a plagioclase, quartz, hornblendeld&par, biotite
groundmasslt hosts mafixenoliths that varin size and shape. The southern contact crops out south

of the town of Loudo where it intrudes basalt. A disercontact aureole is defined.
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5. PETROGRAPHIC OBSERVATIONS OF SELECTED SAMPLES FROM THE
GOREN BELT

5.1. Basalic rocks

A petrographic study of28 basalt samples was completed at the University of the
Witwatersrand Johlmesburg. The petrography shothat the basatt rocksare dominantly aphyric
and compositionally similarThe primary mineralogyof the samples isomposedf clinopyroxene
and plagioclase. Plagioclase and clinopyrexenade up between 5 and 15 % of the samates
variably altered microlites (Figure &)1 Disseminated Fexides, ilmenite and magnetite, comprise a
large modal abundancapproximately20-40% d the samplegFigure 5.1h. They occur interstitially
as subhedral and euhedral crystals and range in size betwef thgh. Disseminated, firgrained
(< 0.1 mm), subhedral to euhedral sulphides such as pyrite and chalcopyrite constitute an approximate
0.52.0% of the modal abundandeor the porphyritic plagioclagghyric basalts described in Section
4.2, the pheocryst abundandes approximagly 5 % (Figure 5.13.

Plagioclasecrystals in the basalt samplaegenerally< 04 mm in size except foporphyritic
samplesn which plagioclase phenocrysase 0.51.5 mm The crystal shapes vafsom anhedral to
subhedrgl and euhedral formsare rare. Euhedral plagioclaserystals are typically tabular,
occasionally elongate (laltke), and displayclearly definedalbite twinning. Intensely altered
plagioclasés identifiablefrom relict albite twinning

Clinopyroxene crystalsangefrom < 0.1 mm td0.4 mmin size Theyaregenerally anhedral to
subhedral in shapeTwinning, supposdly rare (c.f., Nesse, 2000) igresent in some of the
clinopyroxene crystals.

The 28 basalt samplggesenta range of volcanic texturess described in Chapter Fhetextures
include amygdales, basaltic hyaloclastic breccia, varioles, as well ahyrdic andaphyric texture.
Petrographically circular to irregular shapedmygdalesare commonly filled with quartz, calcite,
epidote and zeolite group minerals (Figuredh. Crystal growthwithin amygdalecommonlyradiates
inward from themargins Theamygdalewvary in diameteffrom 0.5 mm to greater than 5 mm. In some
instancesamygdalesre composed of a micreatale fill of chlorite(Figure 52).

Petrographically, the hyaloclastic breccia samples are composed of finely crystalline, aphanitic
basalt fragmentsThey contain a matrix of firgrained polycrystalline quartz, calcite, zeolite group
minerals, needlshaped actinolite, epidote and chloritised volcanic glass (Figure 5.2 b, c).-Quartz
carbonate veins crosscut the hyaloclastite brestiggesting vein infill occurred after cooling and

fragmentation took place. Epidote veins also crosscut hyaloclastic breccia fragments.

45



Plagioclase
phenocryst

Figure 5.1. (a)Photomicrograph of basalt exhibiting subhedral plagioclase microlites, a lagtyrite-epidot replaced
groundmass, and an amygdale containing chlorite and subhedral zeolite crystals (Sam@i@9Gpane polarized light).

(b) Photomicrograph of a microlitic basalt containing < 1.5 mm euhedral plagioclase microlites, anhedral ilmenite (opaque),
interstitial quartz and a high proportion of chlorite (Sample @0D®; UTM 30P 693302; 1444147; plane polarized light).

(c) Photomicrograph of a porphyritic basalt with 8150 mm partly altered plagioclase crystals. The groundmass is
composed of chloriteral epidote, which is interpreted to be the result of plagioclase and clinopyroxene microlite alteration
(G12018; UTM 30P 695652; 1466804(d) Photomicrograph of an amygdale in amygdaloidal bas@he amygdalés
interpreted to form due to passive degagof the basaltic liquid and these are filled with various minerals at a later stage.
In this case, the infill is with epidote and zeolite group minerals. The amygdale exhibits@sdbd shape in which the
zeolite crystals radiate inward from the agayale boundary toward a fingrained aggregate of epidote (Sample

057; UTM 30P 699990; 1435556; cross polarized light).
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Microscopically, \ariolitic basalts are composed of altered, skeletal plagioclaseplagioclase

crystals radiate outward from a central nucl&(agioles measur8.5 mmin diameter

Chlorite
filled Sk - e Zeolite
amygdale A 2T

Basaltic
fragment

chlorite filled
amygdales

Figure 5.2. (a)Photomicrograph of a medium grained, amygdaloidal basalt that displays a partly chloritised amygdale filled
with devitrified glass. Themaygdale is rimmed by zeolites. Smaller amygdales in the image are also filled with chlorite and
zeolite (G1202-096; plane polarized light(b, c) Photomicrographs of hyaloclastic basalt (1:1 scale) that is altered to
chlorite-actinolite. The hyaloclastités brecciated in a jigsaw of basalt fragments. The breccia matrix is composed of
chloritised volcanic glass. Late stage epidote veins crosscut the hyaloclastic brecci®2G42; UTM 30P 696917,
1441719 and G1-P2-057; UTM 30P 699990; 1435556; plane pokted light).

With regardto alteation mineralogies, the 28 basalt samples wiargeneralalteredto a fine
grained assemblagef epidote, chlate, and actinolitewith accessorycalcite, zeolite and quartz
(Figure 53a, 1. Epidote and chloriteeplace pyroxeneasreaction rims, crystal core replacement and
overgrowths.In turn, hematitegoethite overprintepidote and chloritePlagioclaseis partially to
completelyreplaced by chloritdeaving ghost relictwins and taking the form of the plagioclase
crystal Somebasalt samples present a fervasive mineraldliation defined bychlorite, actinolite
and quartz.Calcite and quartz occur primarily in veins, indicating that qe@atbonatealteration
postdates ntamorphism(Figure 5.39. Interstitial, polycrystalline quartz was also abundenpart of
the metamorphic alteration assemblage

Pyrite and chalcopyrit®ccur inveins or fracture (Figure 53d) andon the margirof primary,
disseminated sulphide and oxide crystals. The presence chaestied sulphides and sulphide rims
around disseminated oxigellphides is interpreted to bprimary and/or secondary sulphide

precipitation.
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Figure 5.3. (a) Photomicrograph of a mediuwgrained basalt composed of metamorphic mineralogy. The image exhibits
well-formed, < 3.5 mm epidote crystals surrounded by adiméned epidote and chlorite (Sample GA2096; UTM 30P
694686; 1443104, cross polarized lightp) Photomicrograph of a basalt that displays plagioclase with an overprint of
epidote and chlorite. Plagioclase is partly replaced by chlorite, but retains itlikghshape, is randomly oriented and
exhibits albite twinning (Sample GI2-095; UTM 30P695421; 1443258).c) Photomicrograph of basalt that is crosscut

by a quartzcalcite vein. The basalt is altered to chlorépidote but retains minor primary plagioclase microlites. The vein
crosscuts both primary and secondary mineralogies indicatifagrited synor postalteration. (Sample G1R2-095; cross
polarized light).(d) Photomicrograph of pyrite and chalcopyrite in a vein that crosscuts basalt (Sample2®86; UTM

30P 694686; 1443104; Reflectéight). The texture indicates that sulphideneralization is synchronous to, or postdates
emplacement of the basalt sequence.

5.2 Metasedimentary rocks

5.21. Volcanogenic greywacke

Polylithic, poorly sorted greywacke exhiba rangeof grain sizes from 0-#.0 mm It contairs
angular tosubrounded clasts and fragments. The dominant mineralogy ircladigular to sub
angular clinopyroxene, quartz and plagioclase grains as well as roundedrtuisded chert clasts.
The clinopyroxene grains occasionally display twinning, whitéis also ben reported for
clinopyroxene grains irgreywacke sequences of the OudaBorouol volcanesedimentarybelt
(Peters, 2011).

Plagioclase graingn the greywackes of the study aneay in size between 2 and 4 miae

elongate andisplayalbite twinning. Relic twins were noted in the larger grainthaglagioclase has
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undergone deuteric alteration. The matriakesup approximately 25 % of the rockhe matrixis
composed of fine to mediutgrained polycrystalline quartz and chéftgure5.43. The presence of
nondetrital chlorite and epidote in the matrassociated with epidote replacement of clinopyroxene
grains indicates greenschistfacies metamorphism postdeposition (Nesse, 2000 Sericite and
polycrystalline quartz occur as atfteration texture. Approximately 15% of the quartz obseiged
secondary, as shown by quareins and interstitial grains with poorly to ruisible grain boundaries.
The secondary quartzonstituts a high proportion of the quartz observed in the matrix
Approximately 5% of themodal abundance of the greywacke composed of fingrained,
disseminated pyrite, chalcopg, ilmenite and magnetite.

5.22. Pyroclastidoreccia

Petrographic studgf the pyroclastidrecciaconfirm that it isa polylithic, coarsagrained unit
dominated by a mineral assemblage of angular to-asghblar quartz, whedral plagioclase,
hornblende, anhedral clinopyroxen#menite and magnetitewith disseminated iron sulphides.
Rounded to subounded chert claste also present in the breccia.

The quartzclastsrangein size from 0.54.0 mm (Figure 5.4b, & Chert clastsare wholly
composed ofmicrocrystalline aggregated quartz Plagioclaseexhibitsarange of sizes from-2 mm
andis deuterically altered, bugxhibitsrelict albite twinning.Crystals of volcanic hornblende-@mm
in length)are brown, euhedrahnd zoned(Figure 5.4d) and present wetleveloped cleavage planes
The hornblendeonstitutes approximately 15 % of the modal abundan€téhe breccia
The matrixof the pyroclastic breccia composeddf sericite, chlorite, epidotand carbonate and fine
grained quartz angblagioclase crystalsApproximately 2530 % of the modal abundanad the
pyroclastic breccias composed of matrixPolycrystalline aggregates of secondary quarezalso
observed within the matrix and makap approximately 35% of thdine-grained, interstitial

mineralogy.

5.2.3.Mn-Fe-rich carbonaceous sedimentary rocks

Mn-Ferich carbonaceous sedimentary rocke @omposed of braunite, magnetite, ilmenite
hematite, graphite, disseminated pyrite and chalcopyrite, and0@®0hm interstitial quartz grains.
Brauniteoccursas breccia, tablets and colloform textures (Figure 5.5a). Braunite is alsoostéd.

Hematite isobserved as anastomosing veins that crosscut the host rock (Figure 5.5b) and
iimenite and magnetite occur as veins and disseminations (Figure 5.5c). In reflected light,
dissemimted pyrite and chalcopyrite meskup approximately 2 % of the mddgbundance of thkin-

Ferich carbonaceous samples. Micrscale grains of goldire disseminated through the rocks.
Quartzcarbonate veins and stockwork breccias crosscut these mineralogies (Figure 5.5d). A second

phase of quartz veining crosscuts thegxisting textures.
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‘}; Epidote replaced
clinopyroxene

Figure 5.4. (a)Photomicrographs of a coarggained, poorly sorted, chloritech volcanogenic greywacke. The sample is
composed of quartz, plagioclase (> 2mm), lithic chert clasts, and biotite (Sampl@031596828; 1443986).b( ©
Photomicrographs of pyroclastic breccia containing euhedral, cegragmed (> 1mm) plagioclase, chert, quartz and fine
grained (< 0.5mm) epidote replacing clinopyroxene and hornblende. The matrix is interpreted to be compos&apiti ash
sized fragmets that are altered to epidote and chlorite (Sample-G2226; UTM 30P 709365; 1424791, cross polarized
light). (d) Photomicrograph of pyroclastic breccia that is composed of euhedral, egeaseed (> 1 mm), zoned, volcanic
hornblende, with weltlefinel cleavage, and 1> 2 mm subunded chert clasts and s@mgular quartz grains (Sample G12
02-126; UTM 30P 709365; 1424791, plane polarized light).

5.3.Intrusions

5.3.1. Mafic dykes and sills

Seven samples of mafic dykes or sills were examined petrographically in this study. Based on
their mineralogy theweregrouped into:
(1) Dolerite - composition was determined féour samples; 0 average,he dolerite intrusionsare
composed of45% clingyroxene and 45% plagioclas@ccessory minerals includéiotite and

muscovite comprising approximately-50% of the modal abundancgample G102-036, which is
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composed of plagioclasdinopyroxenehornblendeorthopyroxene, is composed of 120%
hornblende. It can (effectivelybe classified as a hornblendeh dyke similar in composition to
dolerite. The sample exhibiintrusive textures such asfi€ldspar exsolution lamellae within euhedral
plagioclase crystals and exsolution between clinopyroxene and orthopyroxene crystals, as shown by
orthopyroxene lamellae.

(2) Feldspathic pyroxenite composition was determined fowo samples. Theamples havéigher
proportions of clinopymeene @pproximately 6865 % and less plagioclase than the dolesdenples
Accessory mierals includebiotite and muscovite comprising approximatell®% of the modal

abundance

b RaRES, AN LT TN < W,
B, SRV AY I L L :
N L Brecciated gangue

s Hematite vein
and braunite

B Tabular hematite . W

Vein boundary

Quartz

stockwork
Qua .
" breccia
Vein-hosted

ilmenite
Gangue

mineralogy

Figure 5.5. (a) Photomicrograph of tabular, colloform and brecciated braunite froMraFe-rich unit (Sample G1-D04;

UTM 30P 702744; 1446079, reflected light). The three tegtofebraunite suggest different growth phases. Late stage
fractures crosscut breccided braunite and terminate against the tabular braunite indicating that tabular braunite developed
after the colloform texture braunitgb) Photomicrograph of aMn-Fe-rich, carbonaceous unit which is crosscut by
anastomosing hematite veins (Sample -G2:D80; UTM 30P 703512; 1444037, reflected ligh{t) Photomicrograph of a
Mn-Fe-rich unit that are crosscut by ilmeniteearing veins. The ilmenite, in this case, is interpreted as a secondary phase
because it is vethosted in the rocks (Sample GQ235; UTM 30P 707346; 1425026, reflected lighJ) Photomicrograph

of a MnFe carbonaceous unit that is crosscut by stockwork quartz + ankerite veins. The rock is altered to hematite, ilmenite,
magnetite and secondary quartz (sample 612; UTM 30P 677996; 86647, plane polarized light).
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(3) Pyroxenite - composition isdetermined for one sample. The dwik is dominated by
clinopyroxene (greater than 75%) with minor orthopyroxene. The plagioclase modal proportion for
this samplés between 15 and 20%.

Clinopyroxeneis the dominant mineral in the mafic suite; it exhshtvinning and low to
moderate alteration. The clinopyroxene crystatssubhedral in shape and rarigesize from 1.68.5
mm.

Sulphides arepresent in all samplesPyrite, chalcopyrite and donite are disseminated
throughout the rocksind typically constitute a approximately 1 %modal abundancedowever,
chalcostibiteoccurswith chdcopyrite intergrowths withinSample G1202-122 (Figure 5.6 The
chalcostibitehasa modal abundance of 10 &&nd measurdsetweern?2 and 5 mm irsize. Thesulphide
is characterizedby triangular pits, a moderate reflection and a s®fture ashown by scratchnd pit
markson the polished surface

5.3.2. Aplite dykes

Aplite dykes in the study areaontain plagioclase, quartz, orthoclase and microgliwéh
accessory biotite and muscovite (Figuré@bp. Carlsbadwinningis present in the orthoclaseystals,
butis not present in all grain€u-bearing sulphides occur on the margins and within biotitstals,
indicating apreferentialrelationship between the sulphides dnctite. They male up approximately
0.51.0% ofthe modabbundancef the rocks

Textures included (1) xsolution betveen orthoclase and plagioclase, evident as globular
lamellae (2) myrmekitic texturewhich is represented as intergrowthetween quartz and plagioclase
and (3) pikilitic texture, is observedas finegrained muscovite and biotite enclosed within larger

quartz and orthoclase crystals.
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Figure 56. (a) Photomicrgraph of an aplite dyke, which is composed of medium to coarse microcline and quartz, with
subordinate muscovite. The mineralogy is unaltered (Sample0&124; UTM 30P 711540; 1432977, cross polarized
light). (b) Photomicrograph of a chalcostibite @olerite. Chalcostibite forms large, disseminated crystals. The chalcostibite
crystals are soft (shown by scratches), contain triangular pits, and have a moderatevigflgtimple G102-122; UTM

30P 709363; 1425384, reflected light).
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6. GEOCHEMICAL ANALYSIS OF THE GOREN BELT

6.1. Geobiemistry of the volcanic rocks

Wholerock analyses were completed on 20 volcanic and 6 sedimentary sasipgsRF and
ICP-MS. Both major elements and trace elements were measured usingpgBRFometry The data
were calculated in wt% for the major elements and parts per million (ppm) for the trace elements. The
ICP-MS analysesare reported in ppmA variety of geochemical methods wased in attempt to
classify the samplds order tocharacterize thtectonic settindor volcanic ro&s of the GB

Geochemical datéor volcanic rocksdrom the Boromo and Hound#elts, OudalaiGorowl belt
and Tiebélé belvere used in a comparative study of volcanic units across several different belts in
Burkina FasoData from Baratoux et al. (201ijclude 7 tholeiitic basalsamplesand 6 calealkaline
volcanic samplethatwere reported for the Boromo and Houndé belts in western Burkina Batso.
from llboudo (2010) were reported for the Tiebélé region in the safutie country. Tshibubudze and
Hein (2013) reported data for two metalcanic samples (majaglements only) from the Oudalan
Gorouol belt (OGB) in the northeast of Burkina Faso.

The volcanic rocks of the GB have undergorsiable metamorphism, varyingrém sub
greenschist to amphibolite facig$ ek et al., 2008). Theocksarealso variably silicified. Increased
silica wastaken into accourtty determining its abundance through field and petrographic observation
when interpreting the geochestry by measuringelationshipg between chemicalariables using the
correlation coefficient (r)

The alteration of the rocks indicates that HFSE suchaad\b, Ce, P, Zr, Hf, Sm, Ti, Y are
immobile during greenschistacies metamorphism Rearce, 1983Saund@rs and Tarney, 1984
Rollinson, 1993 In general,Th is considered to be less mobile, but not to the extent of the HFSE.
Largeion lithophile elements (LILE}uch asRb, Sr and Bare normallysignificantly mobile during
alteration and greenschicies conditions. Due to the immobility dfiFSE, it was not likely that
correlations resulted from secondary alteration processes, but rathereddftectrue nature of the

primary chemistnof the rocks

6.1.1. Major element geochemistry

The XRF datgAppendix C)for selected samples of volcanic rocks from the y&d a SiQ
range between 48.92 and 5986 %. MgO value varied from 3.31 to 8.1ét %, while the Mg #
ranges from 31.687.52 and haan average value of 45.77.,8% rangesfrom 10.65 to15.59wt %.
The sum of NgO and KO generally equalless than 4 wt%. The FeO content rasifyjem 10.24 to
14.57 wt%and P,Os valuesare between 0.07 and 0.21. Usitigesedata, a number of classification
diagrams (Figure6.3a- €) were used to establishe type of volcanic rocks that ke&up the southern
GB.
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Major elements have likely been affected by alteration, thus making any interpretations based
on them less reliable. However, analyses can still be done, albeit with catimral abundances
from CIPW normswere plotted on a Streckeisen classification diagram (Streckeisen, 1976) for
volcanic rocks(Figure 6.H). The data resolgea trend from the basalt field towards the dacite field
with increasing silica conterdnd a minor increase in K, whick interpreted to be the result of
potassium mobility during alteratipsuch as silicificationTheoverall datarendobserveds thusnot
surprising particularly because the rockave beersilicified. Further to thisjt is important to note
that the Streckeisen classification diagram, when plotted using the CIPW nsrmgt able to
distinguish between primary and secondary mineralshis case quartZonfirmation of secondary
silica wasthereforedetermined by petrographic analyses of the sanf@lleapter 5).

A classification diagram using thenmobile element ratios dfib/Y plotted against Zr/Ti©x
0.0001 after Winchester and Floyd (1976) was plotted for the GB volcanic (féigkse 6.D). The
samples plot well within the basalt field with tegception ofSample G1202-126, which straddke
the boundary between the basald basaltic andesite fields.

A total alkalisversus silica (TAS) diagram (after Le Maitre et al., 1989)s@damples within
the basalt, basaltic andesite and andesite f(€idsire 6.L). The TASdiagramindicates that the rocks
are subalkaline (tholeiitic) in composition.A comparison of the GB samples withe Boromo
Houndé volcanics reported by Baratoux et al. (2011), Tiebélé volcanics reported by llboudo (2010)
and 2 samles from the OGB reported by Tshibubudred Hein(2013) indicates that most samples
plot within the basalt and basaltic andesite field. The samples range from 45.5 to 55@t%Qwith
the lowest Si@ concentration sampled from the Tiebélé region dnedhighest from the GB. Some
samples from Tiebélé and Bororatmundé beltshow higher NaO+K,O (wt%) when compared to
the GB volcanics. The OGB samplasowa relatively large difference in Si0OSample BF_1366, in
particularreportedittle Na,O+K,O (~0.2 wt %). The Boromdloundé volcanics plot on a trend from
basalt to andesite as the $i&hd NaO+K,0 increased. The Tiebélé samples (HTPILL and HTBA),
which had been classified as basaltic rookdiboudo (2010showhigh NgO+K,0 values (up to ~6
and 10 wt%) and plot asephrite/basanitend trachyandesite, respectively. Sample HTGOGO from
the Tiebélé region, pletas an alkaline volcaniockin the basalt fieldThe highest KO+NaO value
from the Tiebélé samplds 9.86 wt%. The GB sampleshowa maimum K,O+NgO value of 4.7
wt%.

A further subdivision of subalkalic rocksis shownusing SiQ versus KO in wt% in Figure
6.1d. Le Maitre et al. (1989) originally compiled this diagrdinplots almost all the GB data points

within the LowK field, which is defined as tholeiitio composition
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Figure 6.1. (a) Streckeisen classification diagram for volcanic rocks plots the rocks from the GB as basaltsamdesilie

to dacite in composition. The samples that indicate dacitic composition contain increased secondary silica, interpreted to be
a result of silicifcation. (b) Nb/Y versus Zr/TiQx 0.0001 diagram (after Winchester and Floyd, 1976). The GB volcanic

rocks generally plot in the basalt fielf(t) L e Mai t redés classification for

v ol

cani c

basalticandesite and arakite fields. Samples from the Borehioundé belts are distributed throughout the basalt, basaltic
andesite and andesite fields. The Tiebélé samples have a smalleraBi@ but some samples contain increased alkali
concentrations and plot as trachyandesand tephrite. The Oudala®orouol belt samples plot between basalt and basaltic

andesite(d) SiO, versus KO (wt%) demonstrates that the GB volcanic rocks plot within theK ®@eries for the most part.
One sample plots in the Meditinseries with a KO value of ~1 wt%. Samples from the Borarwundé belts plot within

the LowK series as well as the caftkaline fields (Mediurk, High-K series and the Shoshonite series. The Tiebélé samples
vary between the different fieldg) The AFM diagram plots saples from various locations. The GB volcanic rocks plot in

the tholeiitic phase whereas the Boroioundé samples are split between tholeiitic and -aditaline compositions which

agrees with classifications made by Baratoux et al. (2011). The Tiebéjesaane also distributed between cal&aline

and tholeiitic compositions.
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The BoromaHoundé and Tiebélé basaltic rooksre also plotted ifrigure 6.4. The highest
silica content for all the samples was less than 65 wt%. SiBe maximum KO value was
approximately 4.5 wt%. Half of the Borontdoundé samples plot in the Lei series together with
the GB samples. Theemaining samples, originally defined as ealkaline basaltand andesitdy
Baratoux et al. (2011), plot in the caltkaline fields, including the MediumK, High-K and
Shoshonitic fields. Less than half of the Tiebélé basalts plot in theKL&ield, while the rest plot
within the MediumK and Shoshonite series. Thisndicaies both tholeiitic and calalkaline
compositiondor all the smples plotted

The samples from the GB were plotted on an AFM diagram. AFM diagrams can have their
limitations, including their petrogenetic information. This is due to the components that make up the
trivariate diagranthat collectively make up less thadralf of the potential chemical constituents of a
rock. In addition becausedata are normalised to 100 % in order to plot on a ternary diagram,
distortions can occur to a certain degree (Rollinson, 199@®&se elements are also prone to alteration,
therdore alteration is a cause for distortion.

However, he AFM diagram presented Figure 6.E plots all samples from the GB in the
tholeiitic series. The data pkabove the calculated boundary between tholeiitic andatkidine
series (Irvine and Baragar, 1971). Besides a few outliers, a trend from MgO towagd #e®
resolvedfor the GB samplesThe comparative data from Borortmundé and TiebélBelts primarily
plot within the tholeiitic serieshut samples from both region® showcalcalkaline compositions.
This wasobserved by data plotting below tkalc-alkalinetholeiitie boundary A trend from MgO
toward FeQ, was resolved for the Borortdoundé thleiitic basalts, whiclplot in the tholeiite field.
The Tiebélé samples did not resolve a trend possibly dulkettmited sample suiteanalysed by
llboudo (2010) They were scattered throughout the dkaline and tholeiitic fields.

Harker diagrams we plotted for samples from the GBhey are summarized according to
trends observed. MgO was used on tkaxis rather than SiCbecause the range of MgO mmafic
volcanic rocks is much less than gi@voiding the effect of distortionn addition the amount of
silica represented was not considered relialige to silicificationof the GB samplesMgO is
accepted to beelatively more immobile than SigXRollinson, 1993) and therefore able to provide an
relatively accurate representation of the originddO wt% of the rocks. MgO was plotted against
TiO,, P.Os, SIO, Al,O;, Na&O, CaO, FeO, NiO, GO; and KO (Figure 62 a1j). Both increasing and
decreasing oxide trendse interpreted toepresent periods of mineral crystallizatiand termination
of crystallization.

Some trends resolvamh the Harker diagrams exhibit better correlations than others. The MgO
NiO plot resols a trend line in which NiO decreaseith MgO (Figure 6.2). This was interpretetb
be the result of the crystallization of clinomy#ene, which consumed Nhus removing it from the
melt to the crystal structure. The slight shallowing of the-NIgD trend line is probably due to the
endof clinopyroxene crystallization.

The MgOCr,0; plot (Figure 6.8) resolved a similar trentb Figure 6.2, andCr,O; decreases

in wt% as MgO decrease$he decrease of @ is interpretedo be the result ofcrystallization of
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spinel and clinopyroxendecauseCr can occupy part of the clinopyroxene taydattice. The trend
shallows indicating less Cr was usedp, caused by a decrease or halt in spinel and clinopyroxene
crystallization.

The MgOCaO and Mg®Al,Os; plots exhibit directly proportional tres@s the magma evolved
(Figure 6.2-d), i.e.,proportionaldepletion in MgO, CaO and ADs. Ca is a constituent of anorthite,
whereas Al occurs across the solid solution spectrum of plagioclase.g€aeisillya constituent of
apatitein basalt; de to its continuous decrease during crystallization Ca can be accommodated in the
crystal structee of apatite in the later stages of basalt evolution. However, apatite was notdbse
during petrographic analysgChapter 5) and thus it was interpreted that decrease i€aO and
Al,O; was the result gblagioclase crystalletion

MgO-SiO, and MgOTiO; plots resolve similar trendd=igure 6.2-f). At high MgO values,
there are low concentrations of Si@dTiO,. As the melt begato crystallise the concentration of
SiO, and TiO, increased. Ti is regarded as being incompatible (Rollind®®3) and therefore
preferentially remains in thigquid rather than partitioning into a crystdli thus increases during the
crystallization process. However, at some stage, Wil crystallisewithin oxide minerals such as
rutile and ilmentie, which arecommon oxides in basalts.

The MgONa,O plot (Figure 6.2)) display the NaO concentration increasingith respect to
MgO. This is interpreted to be the result dfe crystallization of the NAch endmembers of
plagioclase, i.e., albite. Albite tends ¢oystallise at lower temperatures compared to theriCh
anorthite (Orville, 1972)however it is evidentfrom the trendhat most NgO would have remained in
the liquid. The MgOP,Os plot also resolvean increasing émd as MgO decreased (Figureh).Z his
indicates that phosplte mineralsdid not crystallisein any significant vay. The MgGFeO plot
(Figure 6.2) resolves an increasing FeO trend, which is typical of a liquid in which MgO fractionates
first. The KO-MgO plot (Figure 6.p illustrates a poor correlation, where data poirgeowsas a

scatfter.

6.1.2. Trace element geochemistry

Multi-element diagrams were used to compare the GB tholeiitic basalt samples to regional
volcanic units (Figure 8a). The samples from the GB were normalised to dtit@s (Anders and
Grevesse, 1989) and plotted in an elemental array after Baratoux et al. (2011). The tholeiitic basalt
samples from the GBhow similar element concentrations, exhibited by parallel plots and similar
magnitudes. This indicadieomparabldrace element behaviour. A negative Ti anomaly was observed
for every sample. Rb alsshowslow values, particularly for the GB and Bororimundé samples.
The Tiebélé basalt samplskowlow Rb values, but not as low as the other two sample regions. It is
unlikely that the negative Rb valuage caused by distortion, as a result of its position on taeis<
because it was plotted adjacent to Ba, which contains similar ionic properties. Thus Rb is probably low

due its mobility during alteration.

59



0.025 0.06

0.02 lh

0.015

0.01
0.02 *
s
< ] *% LY
0.005 L4

NiO (wt%)
Cr203 (wt%)
o
)

]

€a0 (wt%)
& o ® & ~ =&
p—
]
-’
\
AIZO3 (wt%)
ERE R BB
(="
S’

Si02 (wt %)
& & 3
o)
o
S’
TiO2 (wt%)
C

Naz0 (wt %)
Fabvbhowi o
_—
s
S’
J |-
P205 (Wt %)
)
=
N’

o

~
w
&
w
@
~
w
)
-
N
w
a
w
)
~
o
")

MgO (wt3%) MgO (wt2%)

Figure 6.2. Harker diagrams exhibiting crystallization trends of major elements for the GB volcanic rocks. Red dots=more
deformed samples; blue dots=less deformed sanfp)eEhe MgONIO plot resolve a trend line in which NiO decreases
with MgO. This suggests tloeystallization of clinopyroxene occurred, which consumed Ni thus removing it from the melt to
the crystal structure. The slight shallowing of the NMQO trend line is due to the closure of clinopyroxene crystallization
(b) The MgQCr,0; plot resolvesa dmilar trend in which CyO; decreasein wt% as MgO dcreasesThe decrease of €Ds

is credited to the crystallization of spinel andhdpyroxene. The trend shallowsdicating less Cr was used up, caused by a
decrease or halt in spinel and clinopyroeenrystallization(c, d) The MgOGCaO and MgQ®AI,O; plots exhibit directly
proportional trends. As MgO decreasé was interpreted that CaO and8; decrease as plagioclase crystallizé] f)
MgO-SiO, and MgQGTiO, plots resolvesimilar trends. At high MgO values, there are low concentrations of i@TiO,.

As the melt began to evolve and fractionate, the concentration g&SiDiO, increase TiO, will crystallize and form oxide
minerals such as rutile and ilmenifg) The MgO-Na,O plot displaysthe NaO concentration increasing slowly as MgO
concentration remained high. As the MgO concentration began to decrease edwaentration rapidly increasedhis
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can be explained by the crystallization of therth endmembes of plagioclase, towards the end of crystallizatiophThe
MgO-P,Os plot also resolvean increasing trend as MgO decreassaggesting phosphorus did rooystallise(i) The MgQ
FeO plot resolvean increasing FeO trendt would be expected at some ipidin the fractionation process for Fe to partition
into Feoxide minerals, explaining the decrease in FeO concentratff)rts;O versus MgO showespoor correlation

A clearer differencés observedvhen comparinghe tholeiitic basaltfrom theGB andthe cale
alkaline volcanic rockef the BoromeHoundé beltgFigure 6.®). The calealkaline rocksreportan
enrichment of 22 orders of magnitude in Rb, Ba, Th, U, relative to the GB tholeiitic basalts. Despite
this difference, Rb still displaysroportonally lower values compared to Ba in both sample suites. On
the xaxis,between Hf and Gd, therens relativeenrichment or depletion. Toward the HFS elements,
the BoromeHoundé samigs exhibit slight depletion®lative to the GB tholeiitic basalts. énall, the
calcalkaline rocks from the Borordoundé belts rgort a decreasing trenfilom Rb toward Lu A
negative Ti anomalys againevidentin all samplesChondritenormalised multelement diagrams
were plotted with a different elemental array (after Rollinson, 1993) on -thesxXFigure 6.4).
Samples of tholeiitic basalt from the GB, Boro#doundé and the Tiebélé belts were compared. With
this chemical agay, the tholeiitic basalts pert relatively similar element abundances, evealedby
their parallel patterns and minimal differences in magnitude between samplissplBited adjacent
to Baand displag a large negative anomaly, ds P andTi. The normalisedP values for the sample
suites rangdetween 0.5 and 0.03. The cal&aline rocksshowan overall decreasing trend from left
to right on the malti-element diagram (Figure &% The GB basalt samplekowan overall flat trend,
with the exceptin of the anomalies present. A primitic@ntle normalisel multi-element diagram
was plotted fortie GB volcanic rocks (Figure &Y The graph alsshowsa clear negative P anomaly.
The chemical array used on the graph was taken after McCuaig et al. (AG9K)}type MORB
normalised (Tarney et al., 1981) mwdtement diagram is presented Rigure 6.8. The elemental
array represents a transition from Ltb HFS elements, from left to right. The LILE of the GB
samplesareslightly more enriched than averagetyype MORB compositions. The HFSie similar
to MORB values, with Y having a significant negative anomalysl@wsscattered values, varying
from near N-type MORB concentrations to values amler of magnitude lower. There @ overall
decreasing trend from the LILE to HFSEhe nonnormalised Y values of the GB samples (see
Appendix C)are on average, one third of the normalising factor felype MORBS. Therefore, the Y
anomalyis not considered to be an effect of distortion. Ta and P were removed from the plot for the
GB samples because they resolve large positive and large negative anomalies, respectively. Such
anomalies are reported by Saundears&l Tarney (1984) and Vaisanen and Westerlund (2007) for
tholeiitic basalts from modern baekc and Palaeoproterozoic terranes in Finland. Tectonic
environments caim some cases leduced by HFSE concentrations such as Ti, Ta and Nb. The calc
alkaline ocks from the Boroméloundé belts were plotted against the GB samples, while still
normalised to NMORB (Figure 6.B). Enrichment in Rb, Ba and Th was noted relative to the GB
samples, as well as negative Ti and P anomalies. Thalkaline samples frorthe BoromeHoundé

belts did noshowNb or Ta anomalies.
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Figure 6.3 (a) Chondritenormalisel multielement diagram comparing the tholeiitic basalts from the GB, Bo#doumdé

belts and the Tiebélé region. The sample suites contain sitrelee element affinities indicated by similar patterns. Rb
exhibits a negative anomaly ranging from 0.1to 5 times the chondritic value. Similarly, Ti displays a negative anomaly
ranging from 0.5 to times that of chondri{b) Chondritenormalisel multielement diagram comparing the tholeiitic basalts

of the GB with the calalkaline volcanic rocks of the Bororttoundé belts. The Borortdoundé data present enrichment in

Rb, Ba, Th, U, La, Ce, Pr, Sr and Nd relative to the GB samples. This indicatesl¢halkaine rocks are more enriched in

LIL elements relative to tholeiitic compositions. Both sample suites have similar concentrations for the remaining. element
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Figure 6.4 (a) Chondritenormalisel multi-element diagram comparing the tholeiitic basalts from the GB, Bo#doumdé

belts and the Tiebélé region. Similar patterns indicate similar trace element properties for the tholeiitic basalt samples fr
three regions. On this element array, Rb andi$play negative anomalies. P exhibits a large, negative anomaly (~twice the
size of Ti) with values ranging from ~0-03 that of chondrite(b) Chondritenormalisel multrelement diagram comparing

the tholeiitic basalts from the GB with the calikaline volcanic rocks from the Bororttoundé beltsEnrichmentfrom Ba

to P relative to the GB sampl@sthe calcalkaline rocks ishown Ba, Rb and Th show a relative enrichment of one order of
magnitude indicating significantly different trace elementechistry for the sample suites. Although the sample suites are
compositionally different, the P anomaly is present throughout both plots, albeit the anomaly is smaller forahieliaé
volcanic rocks(c) Primitive mantlenormalisel multirelement diagem with a chemical array used in McCuaig et al. (1994)
that presents negative P and Ti anomalies. These anomalies are interpreted to form because of phosphorus and titanium
retention in silicate minerals in the magma source region.
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Figure 6.5. (a) N-MORBnormalise&l multirelement (after Tarney et al., 1981) diagram presenting the data from the GB. The
elemental array increases in compatibility from left to right. Ta and P are removed frorattie Xhe data represents a
similarity betweerthe GB rocks and the averagetyjpe MORB concentrations. A range in concentrations exists but they do
not deviate significantly from the-MORB values. Rb and Cr have the widest range of concentratior20(ahd ~10.05

the value of N\MORB) and Y portrays. negative anomaly, consistent with each sampleN-MORB normalisel multi
element diagram (after Tarney et al., 1981) comparing the GB tholeiitic basalts to the Bdmmdé calealkaline
volcanic rocks. Ta and P are added to thaxis. The GB tholéic basalts present large Ta and P anomalies, positive and
negative, respectively. The caltkaline rocks present negative Ti and P anomalies.
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The chondritenormalised REE pattern@-igure 66a) show an overall flat trend although
samplesare slightly enriched, or slightly depleted in LREE relative to HREE. Small negative Eu
anomaliesas well as positive and negative Ce anomalese observed in some samples. When
comparing the Tiebélé basalts to the GB tholeiitic bagéligure 6.®), the LREE are slightly
enriched relative to the HREEhe majority of the Tiebélé basalts exhibit REE concentrations more
than 10 times that of chondrite. Both negative and positive Eu anomalies occurr in the Tiebélé basalts,
which contrastswith the GB tholeiitic basaltsThe positive anomalies suggettat plagioclase
accumulated frorthe melt in high enougabundancéo allowfor positiveEu concentrations.

The REE patterns for the tholeiitic basalts from the Borbfoandé belts are similar to the GB
(Figure6.60). They possess a flat overall trend coupled with minor eméctior depletion. Thewre
5to 14 timesthat ofchondrites. The BoromeHoundé samples do nsihhowEu anomalies.
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Figure 6.6. (a) Chondritenormalisel REEpatterns for the GB tholeiitic basalts. The data presents flat overall patieh

are considered typical of tholeiitic MORB. The average range in concentrations for LREE is fizhtin&s thehondritic

value, whereas the HREE range between ~9 antn2€s chondrite. Some samples present slight depletions, while others
present slight enrichments from LREE to HRE®. Chondritenormalisel REE diagram comparing the GB, Boromo
Houndé and Tiebélé tholeiitic basalts. The REE patterns of each samplereséntparallel patterns of similar magnitudes.

The Tiebélé samples present a slightly decreasing trend from LREE to H&EREhondritenormalisel REE diagram
comparing tholeiitic basalts from the GB to the BoreHmundé calealkaline volcanic rocks. Thealc-alkaline rocks
present enrichment in LREE relative to HREE compared to the tholeiitic compositions, resulting in a decreasing trend.
BoromaeHoundé calealkaline volcanic rocks have La values range from-88Qime chondrite and Lu between ~6 and 12
times chondrite. Negative Eu anomalies are present.
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The GB tholeiitic basalts and the BoroiHoundé calelkaline lavasareplotted inFigure 6.€
and demonstrated noticeable enrichment in LREE relative to HREE foe talealkaline volcanic
rocks. The Lavalues varybetween 21 and 60 times choneésitall of which were larger than the GB
La values. The (La/YR)on for the GB tholeiitic basalts range from 0.65 to 3\Hereas the ratio for
the calealkaline volcanics rangeom 2.445.27. A large enrichmerindicatesa slightly more evolved
melt, typical of calealkaline compositions (Saunders and Tarney, 1984)\wadd be expected.
Negative Eu anomaliereobserved for samples HO3 and H@éich aresignificantly larger than that
of the tholeitic basals. This suggestthat either more plagioclaseretention occurred in the residue
duringmelting or plagioclase fractionation occurred and was then removed.

Tectonic discrimination diagranaseused in this study to provide some indication as to the type
of tectonic setting that existed at the time the basalts were er&ptedlder geological terrane$iese
diagrams are best used in conjunction with other sources of evidence such as géychemis
lithological relationships and petrographic studigsmprove confidence in interpretatigRollinson,

1993)

The relatively immobile HFS elements (Zr, Ti, Nb, Y and P) are ideal elements to use when
attempting to discriminate between different segi They are considered to withstand the effects of
hydrothermalseawater and metamorplilterationup to middle amphibolite facies (Rollinson, 1993;
White, 2013). Consequently, the-Zi-Y plot (Figure 67a), a binary plot which use&r versus Ti
(ppm) (Figure 6.1), and a Z«Nb-Y ternary discrimination plofFigure 6.9¢ were chosen to represent
possible tectonic environmentgdrwhich the basaltsf the GBwere erupted.

The TiZr-Y plot (Figure 6.73) is able to differentiat@within-plated basalts from other tectonic
environments. However, is not the most useful diagramhen it came to discriminatingetween
MORB, islandarc tholeiitic basalts and caddkaline basalts because these fields overlap on the
diagram Regardless, the majorityf data for the GB plot within the fielof MORB, islandarc
tholeiitic basaltsand cala | kal i ne basalt s, el i mi-pnlaatti enbg e Mvei rpoc
The remaining samples plot outside the field boundary

The binary diagran{Figure 67b), which used Zr versus Ti (ppymyas the most ambiguous
discrimination diagranbecause itshows significant tectonic field overlap The GB samples plot
within the field described by MORB, islafadc tholeiitic basalts and ca#dkaline basalts, but the
majority of samples plot in the MORB only field, with one sample close to MORB in theatialtne
field. However,Figure 6.1 indicates a strong posbility for the presence of MORB

The GB sample data was also plotted on &\BE+Y ternary dscriminationdiagram (Figure
6.7c) (after Meschede, 1986) in order to characterize the various types of MORB and identify
volcanicarc basalts (Rollinson, 1993). The GB samples plot well within the field that represents the
tectonic setting of Mype MORB or volcanic i@ basalts. There was a weak correlation resolved
amongst the data points trending from higher to lower Y concentrations. As Y decreased, Zr and Nb

increased slightly.
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Averages and ranges for TiQveight %), Zr (ppm) and certain REEs (including ratios) for the
GB, BoromeHoundé and Tiebélé samplae presented in Table 6 Normalizing factors wre taken
from Anders and Grewse (1989). Theablereportsdifferences in concentrations for these immobile
trace elements, which are approximated to occur in specific tectonic regimes. The GB samples had
slightly higher Nb, Th and larger [La/Y&]on Values compared with the Borortoundé volcanics.
Despite tlis, their concentrationsare similar. This suggests that the environnfghinto which the
basalts were eruptedere similar.

The BoromeHoundé calealkaline rocks were included in Table 6.1. iBles the lower
concentration of TiQ they exhibited significantly higher values for Zr, Nb, Th and [Laf¥&]. The
Tiebélé volcanics shamilar TiO,, Zr andNb values with the GB samplespwever, slightly larger
concentrations of Thvere observed. Té notable differencés the anomalously high [La/YBlon
values, whictarealmost 4 times that of the Bororktoundé calelkaline rocks, with an average ratio
value of 11.93.

Summarily,the BoromeHoundé volcanic rockarea combination of tholeiitic and caldkaline
basalts andndesites, whiclhgrees with Baratoux et al. (2011). The Tieb&lkanic rocks that were
classified as basalty llboudo (2010) show traceelement chemistry that is typical for tholeiitic
basalts. However, major element classification diagrams suggest that they are not all basaltia rocks
some are trachgndesite and tracHyasalt, but geochemical differeiscare mostlikely the reault of
alterationrather than primary chemistryVith regards to th&B, three discrimination plots, REE and
various multielement patternsuggesthat the basaltic rocksare N-type MORB and/or volcanic arc

basalts.

6.2. Geochemistry of thevin-Fe-rich carbonaceoussedimentary rocks

Specimen®f metamorphosetin-Fe-rich carbonaceousedimentary rocks were sampled from
various localities within the southern GBigure 3.). They weregeochemicallyanalysedo ascertain
base metal concentratioaedBa concentrationsAnomalous Ba concentrations can indicate seafloor
hydrothermal activityfc.f.,Bur n h a m, 196 2; Lydon, 1988; naVYat ay

In general, the sixamplesarefine-grained, massive to finely laminated and banded) vate
intercalatedcarbonate beds (Sectidn2.3. They are composed ofn-Fe oxide minerals, varying
concentrations of sphides and carbormhe major element geochemistry of these rocks yield SiO
values between 73 and 93 wt%. Tisgnterpreted to be the result of addition of silica during multiple
phases of silicification, as found for basalt samp(8sction 6.1). In comparison,Mn-Fe-rich
carbonaceousedimentary rocks from the Nangdaklt in northern Ghana (Figure 1.4how 31-56
wt% SiQ, (Melcher, 1995), which is considerably lower thhat reportedor the GBsamples. AlO;
contents m the GB samples randeom 2.3-14.95 wt%. FeO values randgem 1.7 to 5.59wt %
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whereas MnO from 0.08.44 wt%.Loss onignition (LOI) valuesare notably high with values from
6.5 to 9.5 wt%Thisis interpreted to ba result of high carboor carbonateontent

Concentrations ofnajor and trace elements, vadsgtween samples arade not specific to iron
and manganese content. Howeweherebase metalare enriched, Bais also enriched, but not in all
samples XRF trace element analyses &mples G104, G12023 G1202-035 and G1202-080
reportBa concentrations of 11397 666 and 1155ppnrespectively. ICRMS concentrations gave
lower vdues, but still significantly higher thaBamples G117 and G122-015 which vyields
concentrations of less than 35 ppm for both analyses. The mean average for Mn/Fe for allisamples
12.518. The high Mn values, relative to Fe in the samples sadgiggsample amounts of fractionation
of these two metals may have occurred (Melcher, 1995). The ratio of @oigesrom 0.04 to 1.19
with an average of 0.378.

In summary silicified Mn-Ferich carbonaceous sedimentary rocks from the Gibw
correlations btween Baand base metal concentratioas well as AlO; contents for some samples.
This suggests a possible influence of volcamiated hydrothermal fluids.
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7. INTERPRETATIONS AND DISCUSSION

7.1. Depositional Environment and Interpretations

The intercalated, conformable succession and spatial distributions of the lithabgiesGB
indicate simultaneous deposition of sedimentary and volcanic rocks. The lithologies represent
proximal to distal depositional facies relative to a volcanic eduregion (Figure 7.1)The
depositional environment and spatial distributions wamestraired usingvolcanic and sedimentary

textures, lithological relationships, mineralegand alteration types

7.1.1. Volcarg rocks of the southern Goren belt

The basaltic rocks of th&B presenttextural evidencehat distinguishesubagqueougrom
subaerial extrusiornThis evidencéncludes hyaloclastic brecciation, high concentrataf amygdales
and vesicles an abundance of pillow lavasnd volcanesedimemary lithological relationships
Lithological relationships include siltstone intercalations within the volcanic sequences and turbiditic
greywacke sequence$hese texturesuggest a subaqueous environment pEsent during basin
formation.

Pillow lavasare a significant environmental indicator for eruption settings. fétraation of
pillow lavas often suggestthat eruptions occurred under watdthey areassociated with low
discharge rates of magma and/or extrusion onto low gradient slopes (Griffitfisnkn 1992) Pillow
lavasof the soutkern GB areinterpreted to havéormedin relatively shallow waterdueto their high
vesicle abundancandperhapoonly a few hundred metevgaterdepth(cf. Jones, 1969)he vesicles
indicate movementof gastoward flow boundaries partcularly the top of flow unitsfor example,
Archaean subaqueous basah Quebec weriglentified by Dimroth et al. (1978yith an abundance of
vesiclespositionedtowards the upper margins of flow unésd lessabundantin the flow/pillow
interior. However, he accumulation of vesicles it unique to subaqueous flows. subaerial lava
flows, such aspahoehoe lavaghe vesicles diffein size, shape and accumulation (McPhie et al.,
1993) with no accumulation in any partian part of the flow bu with randomdistribution and
vesicles are large.

Volcanic textures, lithofacies and minerakgare critical when determining volcanic facies.
Porphyritic, aphyric, glassy, variolitic and amygdaloidal textures indicate that the GB basaltic
sequences represent coherent units. They make up a large proportion of the volcanic facies
architecture othestudyarea.

The hyaloclasticbasaltsof the southern GRare characterized by angular basaftegments

surrounded byraaltered fine-grained matrixHyaloclastitebasaltsn general, formmost commonly
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Figure 7.1. Schematic diagram depicting thegteral volcanic facies variation of the Goren volcasedimentary belt at the

time of deposition. Volcanic lithofacies represented are pillow and massive basalts.
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in low viscosity lavas and are a product of wexplosive, insitu, quench fragmentatiolQuench
fragmentation i\ result of themmediate contact between cold water and hot lava (Lajoie and Stix,
1992; Parfitt and Wilson, 2008). Basaltic liquid is known to erupt at temperatures in excess of 950 °C
(Green and Ringwood, 1967) making the thdrdifierence betweeseawater and lavpossiblyin

excess ofo00 °C. It isinterpraed that the basalts of the southern @8ruded directly oto the
sedloor.

The hyaloclastite units represent an autoclastic facies, whictonsmonly observed as
intercalded, transitional units with the coherent units in the southern GB. Summarily, autoclastic
units share a close spatial relationship with the coherent units (McPhie et al., 1993).

Porphyritic and aphyric textures are characteristic of coherent units. They represent
crystallisation processes within the magma chamber prior to eruption (McPhie et al., dp tie).

GB, aphyric texturesare ubiquitous (thus coherent units) arepregnted by uniformly finegrained
plagioclase and clinopyroxerteat werealteredto chlorite, actinolite and epidot€oherent wlcanic
lithofaciesinclude massive, pillowed, tortoisghell jointed variolitic and flow banded basalts. They
occurred in conjaction with aphyric, amygdaloidal and less commonly variolitic and porphyritic
basaltswhich further validate the coherencetlog units.

Varioles form due to liquid immiscibility caused during cooling of lavas. However, in old rocks
they can be misleadlj. Arndt and Fowler (2004) suggested that varioles are best used as descriptive
terms in the field as they are often misinterpreted as accretionary lapilli, amygdales, magma mixing
textures or altered phenocrysts. Arndt and Fowler (op cit.) suggestedati@es, which form by
liquid immiscibility in Archaean and Palaeoproterozoic rocks, are actually quite rare. They require
further geochemical examination to determine their formation process.

In general, flow banding can occur in basalt (Expedition S6ntists, 2005), despite being
more commonly observed in felsic lavas such as dacite and rhyolite. The distinct variation in
composition suggests preferential mineral accumulation occurred, thus creating compositional bands
(leucocratic and melanocratlmands). Althoughconsideredrare in mafic, nonviscous lavasflow
banding has been recorded in the Archaean Barberton greenstone belt of South Africa (Robbins et al.,
2010)and occurs in the southern Bouroum belt in Burkina Pas®Xl, 2013) (Figure 1.1)

The coherent and autoclastic units of #tedy area formed & result of effusivesruptions.
Effusive eruptionsare typical of basaltic liquids, particularly when submerged berkatbonfining
water colunm. Effusive eruptions areharacterizeé by theability of lava to flow (low viscosityyather
than explode (Parfitt and Wilson, 20083causevolatiles escape passively through vesicle formation
(McPhie et al., 1993; Bardintzeff and McBirney, 2000; Parfitt and Wilson, 2008)

The coherentind autoclastic faciesire interpreted to have formgdoximally to the volcanic
source. However, because basaltic lavas have low viscosities, they are able to flow laterally between
tens and hundreds of metres before solidification. This is dependent oradieng of the sea floor,

morphology of the lava and cooling rate (Smellie and Hole, 1997). Thus it is reasonable tothagjgest
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the GB basaltould haveextenad into an intermediate facies, further away from the volcaritt

from which they wereruped

7.1.2 Sedimentary rocks of the south Goren belt

Conformable sedimentary sequencae intercalated with basalt flows in the stratigraphic
sequenceof the southern GB These includeMn-Ferich carbonaceoussedimend, siltstone,
volcaniclastite, volcanogenic greywacke ardiscretepyroclastic brecciaeposit

Mn-Ferich carbonaceous sedimentary rocks are comimaie southern GESection 4.3.5;

Hein et al., 2004) and, in fact, throughout the WAC (Section 1.1; Blanchot et al., 1972; Béssoles,
1977; Wright, 1985, Neumann, 1988; Leube et al
et al., 2008) They aredso reported fom a number oPalaeoproterozoiterranesn India (Roy, 1968;

1973, 1981; Roy and Purkait, 1968guyana (Choubert, 1973nd South Africa Gutzmer and
Buekes, 1996; Eriksson et al., 198&yeme Zogo, 2010

The Mn-Ferich carbonaceoussedimentaryrocks from the southern GB are commonly
intercalatedwith basaltic units arfdr siltstonevolcaniclastiteunits (Section 4.3.5)These rocks have
elevatedBa concentrationfChapter &) anddisseminated pyritechalcopyrite braunite,iron-oxides,
native Auand quartzarbonate vein system§&ection 5.2.3)all of which resemble volcanogenic
manganese deposits described (Bpnstantinou and Govett, 1972; Mosier and Page, 1988
formation of volcanogenic manganese depos#tdndicaive of the formation of VHMS deposits
Hydrothermal fluids permeate through fractures, leachinséom the underlying basdltydon,

1988). The metal assemblages in VHMBd volcanogenic manganese depositenmonlyinclude
Cu-Zn-Pb-Ag-(Au) and Mn-Fe-(Au) (Mosier and Page, 1988 With respect to the GB, the
volcanogenic system included Cu, Fe, Mn and minor Au, but lackethPAdditionally, the southern

GB is dominated by secondary manganese oxides as veins, breccias, tablets and colloform
overgravths (Sections 4.3.5 and 5.2.3). These overprinting textures resemble typical supergene
alteration found in the Kuruman manganese deposits in the Transvaal Supergroup of South Africa
(Beyeme Zogo, 2010), suggesting that the volcanogenic systel@rwentsupergene alteration at

some stage.

The volcanogenic manganese depodifsthe GB resemblethe Cyprustype volcanogenic
manganese deposidefinedby Mosier and Page §88. Cyprustype deposits occur as lenticulanits
bounced between vizanic andvolcaniclastic rocksand can be proximal to distal to the volcanic
source. It is probably the case for the GB thatMimeFe-rich, carbonaceous sedimentary rocks formed
as volcanogenicmargarese deposits in a proximal to distalolcanic setting A distal setting is
indicated bylow Ba concentrations, finkaminations with thin ferruginous chert, and dolomite
interbeds while a proximal setting is indicated becasseneMn-Fe-rich units present anncreasen

oxides and Ba concentratioasd increasedase metal values
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A correlation between increased Ba and base malats suggestsseafloor hydrothermal
activity in a proximal settingo a volcanic sourcéc.f., Bur nham, 196 2; Lydon, 1¢
Herrington et al., 2005). Fothe most part, hlger Ba values in the GRorrelate vith higher
concentrations of Mnimplying that the manganese deposifsrmed in oxidising conditions
proximally.

The manganese mineralizatiohthe GB is similar tgprimary manganese mineralization seen
throughout theWAC that is interpreted as volcanogenic in characteor example, the/HMS
mineralization in the Tiebélé bett intercalated with chert and manganese units (Sections 1.1 and 2.4)
in carbonaceous manganese rodkboudo, 2010) andis characterized by spleritegalena
chalcopyritepyrite-bornite assemblagesthat are volcanogenic Additionally, the manganese
carbonates of the Nsuta deposit in the Ashanti Belt in Ghana are ystedolcanesedimentary
sequence in basaindesiteunits (Nyame, 2008) andindicate a volcanic settingurthermore he
TamiBo (supergene) deposit Burkina Faso (Figure 1.1y sited aboveprimary manganeseich
carbonate that is hosted wolcanic units (Colin et al., 2005 here isthus a strong correlation
betweenprimary manganese mineralization in the WAC amgolcanic setting, with a potential for
exploitable resourcesf base metals angrimary manganeselhe Tamido deposit has an exploitable
reserve of 15 Mt of manganese aliwided between primary andupergenemangaese resources
(Colin et al, 2005.

The greywacke units of the GB are characterizedtrbygh cross bedding, upwafiding
sequences, scour and fill, thin conglomeraterirgds, flame structureshert intebeds, md clasts
and mud drapeéSection 4.3.3which indicates thatdepositiontook placein a marginalmarine to
offshore environmeni{Fischer and Schmincke, 1994; Boggs, 200B)e greywackeunits best
represent a prograding delta front adjacent to a shelf margin. This is supporiethgyupwards
sequencefterpreted taepresent varioumcomplete, smalscaleBouma sequences (Bouma, 1962)
Turbidite flows can account for larg®@lumesof sediment deposition in a short period of time, thus
explainingthe thick succession in th&B, relative to hicknesses of other lithologies. The presence of
conglomerate beds and mud clagtgssibly due to rjup actionwithin the greywackeunits suggest
energetic and erosive deposition (Walker, 1992)

The greywacke unitsf the GBare composed ofoarsegrained, angular to sutbunded quartz
plagioclaseand intact clinopyroxeneggrains (Sections 4.3.3, 5.2.1Clinopyroxeneand plagioclase
grainsarereadily alteredduring transportatioprocessegAlbarede, 2003)suggestinghat deposition
of the greywackes in the southern @Bk place proximal to the sourd@onsequently, thgreywacke
was likelyderived froma volcam-(plutonic) sourcenearby

The pyroclastic breccianit of the GBis a polylithic,poorly bedded, poorly sorted deposiath
is interbedded within thgreywackesuccessior{Section 4.3.4)The breccids composedf euhedral
guartz, plagioclase, volcanic hornblende amthedralclinopyroxene crystals cemented with a fine

grained epidoteericite rich matriXSection 5.2.2)Theeuhedramineralogy coupledwith thelack of
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sedimentary structuresuggestghat the brecciaformed as gyroclastic depositThe finegrained
matrix and polylithic fragmentprobably constituteolcanic ash, lapilli and bomb#n summary, the
pyroclastic breccia is a clear indicatiohbimodal volcanism in the GB during formation of the belt.

Finally, wolcanicallyderived hornblendeccursin volcanicarc environmentgPearce et al
1983 Cameron, 1985)The explosive naturef the deposijtas evidenced by block and bossized
volcanic debrisimplies the brecciawas not derived from the same volcanic soussethebasalt
sequenceThe coarser, denser volcanic matergllikely to havebeendeposied proximalto the
source whereasa fine-grained ash depositas perhapslispersedurther away(Lajoie, 1984; Lajoie
and Stix, 1992McPhie et al., 1993

7.2.Tectonic setting of the Goren belt and geochemical interpretations

The basalt of the GB are-type tholeiitic MORB. Tholeiitic basaltsn generalare common in a
variety of tectonic settingdpr example,ocean islands, islakarcs, intracontinental riftsand mid
ocealic ridges. herefore trace element data and other lines of evidence are required to confidently
place the formation ahe GBvolcanicrocks irto atectonicsetting.

Hottin andOuedraogo(1992) contented that theB contained tholeiitic basaltalcalkaline
andesi¢, daciteand rhyolitethroughout the entire belt. Hammond (1997) refuted the existence of
felsic lavas in th southern GB However, Castaing et al. (2003) reported rhyolitic tuff with ages of
2238 +5 Ma and 2177 £ 5 Ma from the northeast and southeast of thee§fectively, and they
represent the oldest ages for the Birimian Supergiodpe WAC Roberts(1996) reported rhyitic
flows in the southern GBdowever, @ochemicahnd fieldevidencefrom the southern GBloes not
confirm this. Samples from ttetudyareareportedhigher than expected Si@oncentrationsshowing
dacitic compositionat moston astandard Streckeisen diagraout silica in the samples studied is the
result of silica alteratiorand not primary composition as evidenced petrographi¢@hapter 5;
Section 6.1) Thus primarycalcalkaline andesite, dacite and rhyolite units do xaten the southern
GB.

Additionally, in comparingtholeiitic basalts from the GBwvith tholeiitic basalts from the
Tiebélé and Boroméloundé belts and calealkaline rocks fromthe BoromeHoundé belts
differences in geochemical affinities become apparstdjor element geochemistryespite their
likelihood of alteration suggestghat the volcanic rocks of th&B are tholeiitic basalts. This was
determined by classification and variation diagrdfFigures 6.36.8) andrepresented by their SO
MgO, Al,O; and low alkaline element contents. The variation diagraeneal the fractionation
process for different minerals, whichostlikely crystallisal post eruption. MgO versus NiO, CaO,
Al,O; and CpO; show decreasing trendsuggesting that calciglagioclase and clinopyroxene were
the dominant crystals produced. NiO can represent the crystallisation of olivine, however no olivine or

common olivine alteration producté.g., serpentine mineralsyjere observed suggesting Ni
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partitioned into clinopyroxene. &jioclaseis occasionallyidentified as phenocrysts and more so as
microlites(Sections 4.2nd5.1), explaining the decreasing trends in @B sampledrom this study
FeOand SiQ content increased as MgO decreased, typical of tholeiitic evolutiorir{&woil 1993)

Traceelement resultshownotable anomalies he large, negative phosphomisservedn the
chondritenormalised and primitive mantieormalised multelement diagram@-igures 6.5b-c) of the
GB sampleswas indeed surprising.However, it is a common occurrencén Archaean and
Palaeoproterozoic basal®rof. A. H. Wilson, pers.comm). Theseanomaliedhavebeen observed in a
variety of maficintermediate volcanic rocks throughout the WAC (WAXI, 2013) aigh their
meaning has not been stedito date

It is unlikely that the decrease phosphorus in the GB samplessthe result of hydrothermal
alteration and metamorphic processes dughtknown immobility of phosphorusduring low
temperature processes (Rollinson, 1993; McCuaig el @94 Due toa correlation of MgO versus
P,Os in the variation diagram plotted for the GB samflégure 62 h), where ROsincreases as MgO
decreases, the interpretation is that hydrothermal alteration hadofittle effect. Therefore, iis
suggestedhat Ca-perovskiteand garnetvereretained in thenagmasourceas suggested by McCuaig
et al. (1994) forArchaean basaltfom the Yilgarn and Superior Cratons. Theslculatedpartition
coefficients for phosphorusand reportedthat phosphoruss more likely to substitute fosilica in
garnet, clinopyroxene and @qerovskite and determined thatphosphoruspartitioned into Ca
perovskite >majorite garnet >pyrope garnet xlinopyroxene with negligible amounts partitioning
into olivine, orthopyoxene and spinel.

In attempt to quantify the likddbodof phosphorusetention in the magma souricegenerafor
GB samplesa simple calculation was done (Appendix C) to determine how mpasphorusould
be retained in garnet and clinopyroxene iniamcmagmas. The assumptisasmade that 0.05 wt%
P,Os was present in these magmas and 15 % partial melting occliheghrimitive mantle value for
phosphorusvas taken from Anders and Grevesse (19B8jtion coefficient values gthosphorus for
clinopyroxene and garnet aspproximately0.025 and 0.04 respectively (Rollinson, 1998)was
calculated that garnet and clinopyroxene could retain approximately 272 ppm of phosphorus. This
guantityis supportedoy Brunet and Chazot (209 on phosphorus retention in mantle noduiesn
the upper mantleTheir calculations indicatethatgarnet, clinopyroxene and olivine can retain up to
600 ppm of phosphorus. These calculated phosphorus vauéisn thatphosphorusetention in the
magna sourcas plausible.However, tirther studie®n phosphorusinomaliemeed to beundertaken
from individual terranescross the WAGnN order to create a petrogenetic moddth reference to
modern and ancient tholeiiteAnother possibility for such anomalous phosphorus could be due to
carbonate alteration. Phosphate bearing minerals such as apatite do dissolve readily in acidic fluids,
even with relatively weak acidity (Prof. G. CawthpRers. Comn).

Thecomparisorbetveen theholeiitic basalt§rom thesouthern GB with those from tHéebélé

and BoromoHoundébelts and calealkaline maficintermediate rocks of the Borortdoundé belts
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indicatea clear difference in trace element behavidtie calealkaline volcanic acks of the Boromo
Houndé belts are interpreted by Baratoux et al. (2011) to represent araigiairdtonic settinglhe
calcalkaline rocks showed enrichments in LREE relative to HREure 6.6) and enrichments in
Rb, Ba, Th and other LILE relative to those seen in the tholeiitic bafzlisire 63b). The
enrichments can be explained because LREE are considerably more incompatible relative to HREE.
However, althoughRb and Nbare of similar incompdtility during mantle nelting they do not share
this affinity during alteration, Rb is more mobileFSE to HFSE ratio in arelated magmasare
increased becaudklid rom the subducted slatausesnantle wede metasomatismrhis was shown
by Pearce (1983andPearce and Peate (199BREE aremore incompatible than HREBpwever it
does notindicate thatLILE are more incompatible than aHFSE asit depends on the LILE and
HFSE. This idea suggests that although the samples from the Bedaomond® beltsare most likely
calcalkaline areddervied lavas, enriched LILE to HFSE may not be conclusive evidence on its own
to support the conclusions drawn by Baratoux et al. (2(ftdgtionation of various trace elements
relative to each should be studied further

Volcanic arcs, inclusive of tholeiitic and cadtkaline compositions, result from meltisgused
by a cold and densesubducting slabwhich undergoes dehydratidmduced melting. During
subduction and dehydration, water and HFSE move into the mantigewwealviding aranagmas with
their geochemical signature. However, rutile stabilses in the slab and allowsr#bin immobile
elementsto beretained in thesubductingslah or the sukarc mantle wedge (Ryerson and Watson,
1987; Foley and Wheller, 199@aunders et al., 1991; Bau and Knittel, 1993; Sajona et al., 1993;
Kepezhinskas et al., 1997yhus, volcanic rocks from volcanic arc terranes are characterized by
depletions in Ta, Nb and Ti relative to tholeiitic MORBhe GB samples contain large positiTa
anomalies and no Ti or Nb anomaliese apparentwhen normalised to average-MIORB
compositions. In contrast, the Borofhlmundé calealkaline sampletavenegative Ti anomalies and
smooth patterns for Nb and Thigure 6.%). The differences in Ti and Ta suggest that the magma
underwent processes unlikely to be derived from the same s&yrcemparing the datiom the GB
tholeiitic basalts with data from the cadtkaline volcanic rocks of the Borortdoundé beltsit is also
possiblethat the GB basaltarere emplaced in a baekc/intraarc relative to the argFigure 7.2)
Alternatively, hydrated MORBcan stabilise Ti in Fbearing mineralsas is seen at the modern
Galapagos and EPRhich gives ardype geochemical sigh@res This has significance in bimodal
volcan environmentfHaase et al., 2005)

The flat REE patterns and various maiément diagrams observéat the GBdisplay trends
similar totholeiitic basaltghat aretypical of midocean ridge type settings (Rollinson, 1993jsénen
and Westerlund, 200%Vhite, 2013) The basa# of the southern Glpossess many characterisitics of
tholeiitic mid-ocean ridge basal{MORB), specifically normal MORB (NMORB) as definedrom
trace elementsompositiongFigures 67); rare earth, multi element and trace element analyses of the

GB sampleqSection 6.1.2) They also share some characterisitcs that are derived from convergent
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zones andarethus interpretedo form in extentional terranes such back arc or intraarc basins as

possible tectonic settings. The data characteristic of baekrc and/or intraarc basin basalts (Taylor

and Karner, 1983; Saunders and Tarney, 1984; Wilson, 1989).

Figure 7.2.Schematic digram depicting Ta, Ti and Nb signatures relative to MORB values in a volaanienvironment.

These values present the similarities between-bacland intraarc terranes as well as the differences between +atco

and volcanic arc trace element geoclieny. The dotted line indicates the concentrations that are expected across the
tectonic setting based on literature and the red line represents observed concentrations using data from the Goren belt and
the BoromeHoundé belts (interpreted baekc/intra-arc and arc environments respectively).
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