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ABSTRACT

The Fishtie copper deposit is located in Central Province, Zambia, approximately three
miles south of the bordevith the Democratic Republic of Congbcontains approximatelys
Mt of 1.04% Cuat a 0.86 Cu cutoff in oxide, sulfide, and mixed oxieulfide ore The deposit
is hosted inthe Grand Conglomérainit andoverlying Kakontwe_imestone uniof the lower
Nguba GroupThe Grand Conglomérairectly overlies basement schists and quartztes
Fishtie Mineralized zones are locatadjacent tdiigh angle normal fault§.hethickest
successions of therand Congloméraiccuradjacent tahese faults indicating they had
synsedimentary movemeiishtie containgron formationwithin the GrandConglomératnit
thatconsists of bands of neartyonomineralido intermixed magnetite, ankerite, apatite, and
guartz. Iron formation thickens towards nornallfs suggesting ¢éhfaultsformedconduis for
iron-rich hydrothermal solutions. The absence of iron formation clasts in the diamictite and
presence of dissémated magnetite, ankerite, and apatite in adjacent diamictites suggests the
iron formation formed byeplacement of host rockéater hydrothermadlteration and
mineralizationat Fishtieoverprinted the iron formation and affected the entire preserved
sequence of Katangan sedimentary rocks and locally basementCopk&mmineralizationat
Fishtieis similar to that observed in some deposits of the Zambian Copperbelt where it has been
attributed to interaction of an oxidized ore fluid with trapped natural Gapper precipitation
was associated with both muscovite and chlaniteeralization together with weak
silicification. Copper sulfides dishtiedisplay a relatively homogeneous distribution of
generallyheavy sulfur isotopic values that could have resulted from sulfide derivation from

either a sour gas reservoir or thermochemical reduction of Neoproterozoic seawater sulfate.
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CHAPTER 1
INTRODUCTION

The Fishtie sedimentary ro¢tostedcopper deposit (formerly known as the Kashime
prospect) is located southeast of the Zambian Copperbelt. The deposit is 30 km north of the
village of Mkushi, Zambia and approximately five km south of the Congolese l{idare
1.1). It was discovered iB004 by First Quantum Minerals Ltd. through soil geochemistry
prospectingAppendix C) Fishtie is located on the northeast edge of the Lusale (Fagure
1.2), a Katangamutier enclosed by metavolcanic and metasedimentary rocks of the Irumide
Belt (Stillman, 1965)Between 2004 and 2010 First Quantum Minerals Ltd. completed 268 drill
holes on the property (Figure3L. Mineralized zones occur within the lower portion of the
Nguba Group at a stratigraphic position above that which hosts the majategposits in the
Zambian Copperbelt (Selley et al., 2005). The known extecombersulfide mineralized rock
at Fishtie is approximately 300m wide by over 1 kilometer along a roughkvesasstrike. The
deposit is currently estimated to contain agprately 55 million tons at 1.04% Cu in oxide,
sulfide, and mixed oxidsulfide ore (Hanssen, 2008).

This study is based on detailed core logging of three fences of diamond drill holes
through the deposit@ 6 -C6G-DOD, Fi gur e 1. 4 )the depdsiewasfurtben i t ect u
delineated using company drill logs of additional holes to construct four cross sections and one
long section through the deposit area. These sections were utilized to createdartbresgonal
model of the geology and distributi@f copper grades. Regional magnetic geophysical data
collected by First Quantum Minerals Ltd. were analyzed through reduction to pole and filtered

using standard horizontal gradient, analytic signal and terracing techniques (Appendix A).



Geological, gephysical, and geochemical data were then gridded and analyzed to aid in

reconstruction of the areabdés geol ogy.
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Figurel.1: Generalized geologic map of the Central African Copperbelt area showing the
distribution of rocks ofthe Katangan Supergroup. The Fishtie copper deposit is hosted in the
northeast corner of Lusale basin to the southeast of Zambian Copperbelt. The Fishtie deposit is
hosted in the same sequence as the giant Kamoa deposit to the northwest along the western
margin of the Katangan basin in the Democratic Republic of Congo. Modified from Selley et al.
(2005).

Samples collected during logging were submitted for whole rock and trace element
analysis (Appendix B). Additional samples were collected érggraphic and stable isotopic

studies at the Colorado School of Mindhese samples were analyzed utilizing standard



transmitted and reflected light petrographic techniques and automated qualitative mineralogical

analysis in order to delineate mineig@cand the paragenetic sequence of alteration and

mineralization.
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Figurel.2: Generalized geologic map of the Lusale basin area compilecagozmagnetic data
gathered by First Quantum Ltd. agelological maps by the Geologi@lirvey of Zambia

(Stillman, 196%. The Fishtie deposit area is outlined in red. The Katangan Supergroup rocks to
the northeast of Fishtie may have originally extended into the basin to the east of the Zambian
Copperbelt (Figure 1.1). The two intrusiondicated on the map are inferred from the
aeromagnetic data; neitha@ppeardo crop out at the surface. Structural trends in the basement
rocks are derived frortihe Geological Survey of Zambia geological map&lmodified with the

aeromagnetic data
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Figurel.3: Location of drill holes at the Fishtie deposit. The drill holes are shown against

reduced to pole magnetic data in nanoTeslas (nT); areas with higher values correspond to areas
known to have a thinner veneer of Katangan metasedimentary rocks. The magntithe

north of the Fishtie deposit area represents an area with thicker Katangan metasedimentary rocks.
The Fishtie deposit sits on a northeast trending magnetic high that probably represents a buried
basement horst. The traces of faults in the are derived from drill da@esuperimposed on

the image and shothat the deposit occurs along series of generally down to the south normal
faults that form an arcuate array.

Qualitative mineral chemistry was accomplished with the QEMSCAN® instrument.
The QEMSCAN® instrument at the Colora8ohool of Mines is an automated quantitative
mineralogy tool that utilizes a Carl Zeiss EVO50 SEM platform, four Bruker energy dispersive
(EDS) detectors, and proprietary software to produce-takeed mineral maps from
backscatter electron signals dBidS (energy dispersive spectrometer) spectra. A&ed
software suite, iDiscoverE, allowed aut-omat ed

ray diffraction analysis of samples from the Fishtie deposit was not conducted to identify specific



cays minerals. Al clays minerals are simply

study.
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Figurel.4: Generalizedyeologic map of the Fishtie copper deposit showing structural domains
and location of cross section lines. Inferred near vertical normal faults define an arcuate pattern
across the deposit area. More northerly trendinggtifpfaults in the central striuwgral domain

appear to cut earlier generally etreinding normal faults and show offset in the center portion of
the deposit indicating a component of strifip fault movement. Bedding strikes and dips in the
Nguba Group Kakontwe Limestone unit wereided from maps produced by First Quantum
MineralsLtd.; beds strike parallel to the normal faults and dip shallowly to the southeast and
southwest.

The Fishtie deposit is geologically significant because of its stratigraphic and structural
setting. The deposit contains sulfides within the lower Nguba Group Grand Congloménat unit
issimilar to the recently discovered, giant Kamoa deposit in the Democratic Republic of Congo
(DRC) (Schmandt et al., in pres$)ishtiealso contains mineralized zoneghe lowermost

portion of the stratigraphically overlying Kakontwe Limestamé andis thussimilar to the



Lonshi deposit to the north along the eastern edge of the Zambian Copperbelt (Hitzman et al.,
2012).

The Grand Conglomérat unit at Fishtie directly overlies basement schists and quartzites
and contains diamictites and siltstonesneell as layers of magnetignkeriteapatitethat have
the appearance of a banded iron formation. These ironstones thicken toward synsedimentary
normal faults and appear to represent a Raysitge of iron formation (Young, 1976; Klein and
Beukes, 1998 This style of mineralization has not been previously described from the Katangan
sequence in the Central African Copperbelt.

Sulfide mineralization posdated formation of the ironstones in the Grand Conglomérat
unit. Mineralizationat Fishtieoccurrel along and adjacent to a series of generallywast
trending normal faults. Sulfides in the Grand Conglomérat unihastly disseminated while
sulfides in the Kakontwe Limestommit occur as disseminated grains in carbonaceous beds and
to a lessedegree occupy veins or form massive replacements. Much of the current copper
reserve occur within weathered Kakontwe Limestone and consist of copper oxides; this style of
supergene mineralized material was not investigated.

This study utilizes currentlgvailable data to present a detailed description of the
stratigraphy and structure of the host rocks of the Fishtie deposit as well as the paragenetic
sequence afiagenesisiyon formation,sulfide mineralizationand associateghinerals These
data arehen combined with information from stable isotopic studies to allow comparison with
other, better known deposits in the Central African Coppenedticularly from the Kamoa
deposit The data derived from the study of the Fishtie depoliallow for a better
understanding of the geology and genesis of deposits throughout the Central African Copperbelt

and will aid in future exmration throughout the distti



CHAPTER 2
REGIONAL GEOLOGY

Ore hostingunitsat the Fishtie deposit overly rocks of the northaasking
Mesoproterozoic Irumide belt that stretches from central Zambia to northern Malawi (De Waele
et al., 2006). The Irumide belt is composed of a conpl@sformedpackage of metamorphosed
sedimemary, volcanic, and intrusive rocks. The portion of the Irumideuwelerlyingthe Fishtie
deposit is occupied by the Mkushi Gneiss Complex (Stillman, 1965) which is unconformably
overlain by metasedimentary rocks of the Muva Supergroup thatdeposited between ca.

1.85 and 1.65 Ga. The Muva Supergroup in this area is dominantly congbogedtzites and
metapelitic rocks of the Manshya River, Kanona, and Mafingi groups (Dewaele et al., 2006).
Though not observed in drill coreuymide metanorphic rocks in the Lusale basin area appear to
be cut by two major subircular intrusions seen on the aeromagnetic data (Figurépgzndix

A); the inferred intrusio2.5 kmnorthwestof the Fishtiedepositis approximately 10 km in
diameterandhas a strong magnetiesponsgwhile the~ 7 km in diameteintrusion in he center

of Lusale basin has a comparatively weak magnetic signature.

Neoproterozoic metasedimentary rocks of the Katangan Supergroup with a maximum age
of 880 Ma(Armstrong et al., 2005) unconformably overlie the Irumide metamorphic basement.
These rockfiost most copper deposits in the Central African Copperbelt and were deposited
within a series ointracratonic bassmdevelopedn the Congo cratoduringthe intial collision
of the Congo continent with the Rodinian continent (Scotese, 2089¢ventually resulted in
the breakup of Rodinia (Porada and Berhorst, 2000hese basins may have been of

impactogertype (Sengor et al., 1978reserved portions of Katangan Supergroup in the



Zambian Copperbelt form a sequence of rocks varying in thickness fréKni, withapre-
erosional thickness estimated between 5 akith TAnnels, 1989; Woodhead, 2013).

In the Zambian Copperbelt the Katangan Supergroup has been subdivided into the Roan,
Nguba, and Kundelungu groups (Cailteux et al., 2005; Selley et al., Zi8))er deposits in the
Zambian Copperbelt are hosted primarily in the Lower Roan Subgroup&Rdyt The
lowermost Mindola Clastics Formation contains laterally discontinuous sandstones and
conglomerates. These are abruptly overlain in the western Zambian Copperbelt by a regionally
extensive variably organicch marginal marine siltstone/shalented the Copperbelt Orebody
Member, colloquially known as the fAOre Shal ebo
Formation. The Kitwe Formation is composed of interbedded siliciclastic and carbonate rocks
and hosts the majority of ore deposits in the Ei@m Copperbelt. In the eastern portion of the
Zambian Copperbelt to the north of Fishtie, the Kitwe Formation contains dominantly
siliciclastic sedimentary rocks. Throughout the Zambian Copperbelt the Kitwe Formation passes
upwards into laterally extensg\shallow marine carbonates and generally finer grained
siliciclastic rocks with abundant evaporitic textures and mainly stratabound breccias (Woodhead,
2013). The overlying Mwashya Subgroup comprises mainly deeper water carbonaceous shales,
siltstones, ah clastic carbonate rocks (Cailteux et al., 2007; Bull et al., 2011). The Mwashya
Subgroup in the Zambian Copperbelt contains a number of gabbroic intrusions. Compositionally
similar maficintrusions and extrusive units occur with the Mwashya Subgroufpamimost
Nguba Group rocks throughout the Central African Copperbelt and have ages ranging from 765
to 735 Ma (Key et al., 2001; Barron, 2003).

Roan Group rocks are absent at Fishtie where the basal unit of the Nguba Group, the

Grand Conglomérat unit, mdictly overlies basement rocks (Figure 2.1). The Grand Conglomérat



is relatively thin and commonly mildly carbonaceous in the Zambian Copperbelt (Binda and Van
Eden, 1972)At Fishtie theGrand Conglomératnit comprises aX50m thick sequence of debris

flows and diamictites that contains lenses of laminated siltstone and lithic sandstone
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Figure2.1l Generalized stratigraphy of both the Zambian Copperbelt and Fishtie copper deposit.
Nguba Group rocks directly overlmsement rocks that form the footwall to the Fishtie deposit.
Diamictite and carbonate successions at Fishtie are relatively thin, but are slightly thicker than
those observed in the Zambian Copperbelt. Modified from Selley et al. (2005).



The Grand Conglomérat unit is believed to be correlative gl@bial diamictites of
Sturtian age. The precise age of the Sturtian glacial event is debated with most evidence
pointing to a range between ~700 and ~725 Ma, though an age of ~740 Ma teeealso
proposed (Key et al., 2001; Bodiselitsch et al., 200%yriBay et al., 2007; Smith, 2009; Xu,
2009; McDonald et al., 2010). It is overlain by massive carbonate rocks (Kakontwe Limestone;
Cailteux et al., 2007) or carbondiearing to carbonatgoor sitstones and sandstones. Though
not present in the Fishtie area, Nguba Group rocks above the Kakontwe Limestone consist of
dolomitic sandstones and siltstones to the north in the DRC (Batumike et al., 2006, 2007).

Three significant tectonic events affetthe Zambian Copperbelt. Extension associated
with early rifting (post880 Ma) formed isolated fauttontrolled basins, which linked along
master faults during deposition of the Copperbelt Orebody Formation (Selley et al., 2005). A
second period of exteias occurred during deposition of the upper portion of the Mwashya
Subgroup through to deposition of the lower Nguba Group (78bMa); this rifting event was
associated with mafic magmatism. Both these extensional events appear to be linked to collision
between the Congo and Rodinia continents (Scotese, 2009). The Lusale basin appears to have
been formed during the Mwashya extensional event. Basin inversion and later compressive
deformation (~590500 Ma) culminated in greenschigtade metamorphism (~530&) during
the Lufilian eventThe Lufilian event is part of a broad RAfrican orogenic event (Scotese,
2009). Allochthonous salt tectonism that probably began during Nguba Group time (Hitzman et
al., 2012) continued into the Lufilian event; halokindgs been suggested to account for the
complex macro scale geometry of the Lufilian arc (de Magnée and Francois 1988, Kampunzu

and Cailteux 1999; Jackson et al., 2003; Hitzman et al., 2012).
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Geochronology of metamorphic rocks indicates the Lufilian ewesta protracted
orogenic event spanning ~100 m.yPb dating of monazite and A dating of biotite in
greenschist facies rocks of the Zambian Copperbelt yield metamorphic ages of between 585 and
592 Ma (Rainaud et al., 2002). Hanson et al. (1993) astuofthe main phase of metamorphism
to have occurred at ~5&B0 Ma based on4b zircon dating of syn to post metamorphic
rhyolites and granites in central Zambia. Peak metamorphism is estimated to have occurred at
~530 Ma as indicated by-Bb ages of mazite in metamorphic rocks in northwestern Zambia

(John et al., 2004).
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CHAPTER 3
STRATIGRAPHY AND LITHOLOGY OF THE FISHTIE COPPER DEPOSIT

Basement rocks that form the footwall te #ishtiedeposit are composed of quartz
muscovite schists and quartzi{@gure 3.1a, b)Reports ad maps published by the Zambia
Geologic Survey indicate thHéshtiearea is underlain by muscowvikganitesillimanite, quartz
muscovite, biotite, andarnetbiotite schistsquartzitesand phyllites (Stillman, 1965). Based on
the stratigraphic terminology proposed by Dewaele et al. (26@8jtie overliesocks of the
Mafingi or Manshya River groups of the MaiSupergroup. The Gra@bnglomératunit of the
Nguba Group directly overlies basement rocks. At FigheeGrandConglomératnit consists
dominantly of matrix supported diamicsté-igure 3.1c)with subsidiary siltstone uni(&igure
3.1d)that are sometimasineralizedto magnetiteankeriteapatite iron formatioiiFigure 3.1e).

The Kakontwe Limestonenit overlies the Gran@€onglomératnit and is composed of massive
limestone(Figure 3.1f) massiveo finely bedded or algalllaminateddolostone, and
rhythmically bedded dolomitisiltstone(Figure 3.19)

The Fishtie deposit area has virtually no outcrop. The area is covered by overburden
composed of soil, residual weathered carbonate, and saprolite. Thicker residual soil and saprolite
was developed above the Kakontwe Limestone unit than the Grand Corajlomé
Lithologies at Fishtie are described utilizing drill holes from the periphery of the deposit where
the effects of hydrothermal alteration associated with iron oxide and sulfide precipitation are
least obvious.

Cross sections through the depesitre created from detailed core logs by the author and
company core logging databases (Figure 3.2). The author logged two holes in sdégtion B

(DDHs KEDDO0033, 0034), six holes in sectiorG36 ( DDHs KEDDOOOG6, 008,

12

0



0064, 0089), and four holessectonDD6 ( DDHs KEDDOO0O85, O0134A, 013

A-A0 a-Bd Were constructed solely from company

3.1 Basement Rocks
Drilling at Fishtie has intercepted a maximum of 40 meters of the basement rocks. The

basement is composetlinterlayered schist and quartzite with individual lithologic layers
ranging in thickness from 5 to 20 meters. The rocks display a prominent foliation. The foliation

is generally at a low angle to bedding, where it is preserved in quartzite layensa(still965).

Schists contain dominantly muscovite and quartz with subordinate chlorite, biotite and
dolomite. Muscovite occurs as euhedral laths up to several millimeters in length that define a
distinct foliation (Figure 3.3a). While not observed at Fesittie schists have locally been noted
to contain at least two foliations regionally with early kyanite rotated into a later foliation
(Stillman, 1965). Fingr ai ned aggregates of white mica (fAs
muscovite grains. Quartz occwas subhedral grains up to 2 mm in diameter that define an
inequigranular, interlobate texture. Quartz grains may be mantled and sometime cut by both
fine- and coarsgrained muscovite. Potassium feldspar is subordinate to quartz and occurs as
subhedral gains up to 200 microns in diameter. The potassium feldspar is typically altered to
muscovite or finegrained white mica. Plagioclase was not observed in samples of the basement
schists examined for this study. A general absence of plagioclase in bassrkemtf the area
was also noted by Stillman (1965). Biotite occurs sporadically as anhedral crystals up to 100
microns indiametetthat are intergrown with muscovite and commonly overgrown or replaced
by chlorite. Dolomite occurs as irregular patches that are overgrown or embayed by muscovite,
fine-grained white mica, chlorite, and biotite. Large (750+ um) fans of chlorite rim aatiyio

replace dolomite grains; some of these chlorite grains are partially replaced by white mica.
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Figure3.1 Hand sample photographs of the major rock units at the Fishtie copper deposit. (A)
Typical quartzmuscovite basement schistrimdhecentral structural domaifibDH KEDDOOS.
133.2m). (B) Basement quartzitem the western structural domalisplaying bandinghat
probably represents relict bedding. The rock is composed dominantly of quartz with darker
bands and nodules composed ofilegDDH KEDDO0034, 158m). (C) Clagioor Grand
Conglomérat diamictiterom the central structural domawith subroundedio subangular clasts

of quartzite and lesser carbonate in a grey mairiis matrix color is dignostic of muscovite
mineralization(DDH KEDDO0063, 125.9m). (D) Siltstone within the GraBdnglomératnit
containing a dropstone of vein quartz that deforms underlying beds. The siltstones have been
pervasivelymineralizedby ankerite, probably during formation of the ifmnmation, and

contain minor disseminated magnetite. Coarser grained siltstone layers contain disseminated
bornite, some of which is intergrown with quartz. The dropstone has a discwstinon of

bornite and chlorit¢DDH KEDDO0GO18, 103n). (E) Iron formation within the Grand

Conglomérat unit. The iron formation consists of dark bands of maggatitéz, brown bands
consisting of ankerite, magnetite, and quartz, and pale apahtbands. Grey bands are weakly
altered but do contain disseminated netga. The sample contains several small pebbles of
ankerite and apatiteich material that could be Hpp clasts of iron formation beds or
replacemerstof lonestone clast&EDD-0032,78.9m).(F) Pale massive dolostone in the
Kakontwe Limestonenit from the eastern structural domain displaying vfamyt algal banding
(DDH KEDDO0079, 74m). (G) Rhythmically bedded dolomitic siltstone from the Kakontwe
Limestoneunit from thesatellitestructural domain that generally overlies massive carkonat
rocks & the base of the unibDH KEDDO0142, 139.5m).
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Chlorite also occurs as small to moderate sized crystals intergrown with and replacing
fine-grained white mica. Biotite and chlorite are sometimes intergrown and concordant with the

foliation defined by white mica. Chlorite also replaces biotite.
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Figure3.2 Cross sections through the western, central, satellite, and eastern structural domains

of the Fishtie copper deposit. Section®\® ,-B 6B-C6C @®Drdd aDe ori eHted rou
andsectonEE6 i1 s a | ong secti on a ctmabisosentedraghlyB st er n
W. Nguba Group diamictite sharply overlies basement quartzites and-quastovite schist.

Thickening of Grand Conglomérat unit diamictite packages towards several of the high angle

normal faults indicates synsedimentary subsa. The hypogene ore zones are highest grade in

the Grand Conglomérat unit near inferred high angle normal faultsinsee@od Cand wi t hi n
Kakontwe Limestone unit dolomitic siltstones in sectioD . Hypogene copper mi
zones are not well deloped in sectionA 6 -B0B, #&od KEDD denotes di amc
and KERC denotes reverse circulation drill hole.

16



Magnetite Bearing Facies

Soil, Residual Cal 3
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boundary migratioriFigure 33b). Intergrown muscovite, biotite, and chlorite occur interstitial to
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quartz grains. Tourmaline is @@nt as small (<15 micron) pleochroic (greeafedral crystals.

Thequartzitelayers locally display largecale (up to 0.5 nmrelict crossbeddingtextures

Figure3.3 Basement schist and quartzite. (Zjotomicrograph of muscoviech basement

schist from the eastern structural domain. Large, euhedral muscovite laths define the foliation
and ae partially altered to sericif®DH KEDDO0076, 142.8m). (B) Crogsolarized
photomicrograph of basement quartzite from the western structural domain. Quartz crystals
define an inequigranular texture. Most quartz displays an undulose textureb@radary
granulation is commo(KEDDOO76 176.8m).

3.2  Nguba Group - Grand Conglomérat Unit
The Grand Conglomérat unit of the lowermost Nguba Group rangkgknessrom

~20 to 150 meterat Fishtieand contains both diamictites and siltstones. Drilling indicates that
the unit is thickest adjacent to inferred higiigle normal fault§Figure 32) suggesting
accommodation space was tectonically generated during sedimentation. Diamictite beds in the
Grand Conglomérat unit are commonly massive; individual beds range from 5 to 30 meters in
thickness. Diamictite beds do not display grading and are matrix supported with clasts
comprising 1530% of the rocKFigure 31c); diamictite beds near the baselwd unit tend to

have more abundant clasts that those near the top of the unit. Clasts do not display sorting or

have a preferred orientation. They are typically subangular to sule@and range in size from
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<1lmm to greater than 2 meters in diamedgparently faceted clasts are presdife majority of
clasts are quartzitenuscovitequartz schistor vein quartzA lesser number of dolostone,
limestone, and albitized and/or chloritized mafic igneous rock clasts are also pédetthe
guartzite schist,vein quartzand mafic igneous clasts could be derived from the basement
sequence beneath the Grand Congtatnunit, the carbonate clasts do not appear to have a local
basemensource.

Clasts in the diamictite displadiscontinuour less commonlcompleterims of coarse
grainedminerals. Rims are sometimes developed at opposite ends of clasts and have the
appearance of pressure shadows (Figutg; this texture of bipolar clots of coarse minerals
growing on clasts is reminiscent of textures at the Kamoa deposit (Schmandt et al., in press).
Such rims are thickest and most abundant within and proximal to the ore zone. Rims commonly
contain chloritebiotite, potassium feldspar, ankerite, quartz, and copper sulfides. The
mineralogy ofthe coarsegyrained rims mirrors the fingrained alteration mineral assemblages in
the diamictite matrix except that the rims rarely contain musc@vigeire 3.4b, c)Themineral
assemblage in these rims does not change vertically throughout theagtratigrequencas at
the Kamoa deposit (Schmandt et al., in predsgrd may be a lateral change in rim mineral
assemblageat Fishtiemoving out from normal faults though this could not be convincingly
demonstrated with the available drilling data.

Thedark bluegrey to greygreen colored matrix of the diamictite at Fishtie was
originally composed of fingrained detrital quartz, feldspar, clay and carbonate minerals (Binda
and Van Eden, 1972). During diagenesis and hydrothermal fluid infiltrationincthg matrix
was likely converted to potassium feldspar, muscovite, biotite, or chlorite and detrital plagioclase

feldspar was largely replaced by albite and potassium feldspar.
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Figure3.4: GrandConglomérat unit. (A)ntrusive basement clast within the Grabonglomérat
unit diamictite. The clast displays a discontinuous rim of tan colored ankerite and biotite
Ankeriteoccurs inthe matrix of the diamictite to the upper rigtitthe clasyKEDDO0029,

42.3m). (B) Plangolarized photomicrograph afcoarsegrainedmineralrim on the edge of a
guartzite clasfpressure shadow) composed of biotite, chlorite, and lesser calcite. The coarse
grained clast mineralogy mirrors fine graind@ation mineralogy in matrig®WDH KEDDOOOS,
98.6m). (C) Cross polarized photomicrograph of (BpH KEDD0008, 98.6m).

The matrix of the diamictite is fine grained with individual grains ranging in size from
2.5 10 20 um in diametdFigure 35a) Away from iron oxide or sulfide mineralized zones the

matrix of the diarctites is composed of quar@hite, potassiunfeldspar, white mica, and
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carbonate minerals with lesser chlorite, biotite, and heavy minerals (tourmaline, apditite,
rutile). Pyrite occurs sporadically throughout the matrix as small anhedral grains.

The diamictite matrix contains approximately 20% apparently detrital grains of quartz,
potassiunfeldspar, anagnuscovite Quartz is the most common detrital mineral. Individual
grains are subrounded to angular in shape and rangel@emB00pum in dameter. The
irregular shape of many quartz graispartially due torregular quartz overgrowths that were
later etched and partially dissolveblany quartz graingncluding those with authigenic quartz
rims, are rimmed by a thin coating pbtassiunfeldspar and/or muscovi{&igure3.5b). Albite
occurs agenerally smalsubangulato subroundegdrains; no remnant detrital plagioclase has
been observed at Fishtie. Albite grains are locally altered to an assemblage of muscovite, biotite,
and chlorie. Potassiuméldsparalsooccurs as small subrousdito subangular grains thate
detrital or represent replaced detrital plagiocld&escoviteoccasionallyoccurs asletritalgrains
up to500um in length. Grains of originally detrital dlomitearecommonly replaced by
ankerite andare also present in many samplesgure 35b).

The finest-grained portion of the diamictite matrix is composedudrtz,white mica,
biotite, chlorite, potassium feldspar, addlomite-ankerite with lesser rutileand apatit¢3.5c)
White mica is the most common phyllosilicate. Fgrained white mica occurs throughout the
matrix but is @rticularly common adjacent fmtassiunfeldspar grains suggesting thawias
formed by replacement of tipotassiunfeldspar Biotite graingn diamictite matrixange from
10to 40 um in length. Biotite is comonly intergrown with chloriteRutile is a very minor
constituent of the diamictite matrandoccurs as small (50 um in diameter) subhedral crystals.

The matrix of the diamictites at Fishtie may display a weakly developed, steeply dipping

foliation, especially adjacent to the generally easststriking normal faults in the deposit area.
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This foliation is most pronounced adjacent to lithic clasts.f@h&tion is defined by the vertical
alignment of muscovite, chlorite, biotite, and sometimes dolomite. This foliation is somewhat
similar to that observed in the lower portion of the diamictite sequence at the Kamoa deposit
where it has been interpretedrepresent a fluid dewatering texture that was formed during
diagenesis and hydrothermal alteration (Schmandt et al., in press).

Siltstones within the Grand Conglomérat unit occur asl0.fneter thick intervals within
the diamictites. Individual bedgithin siltstone packages range up to 5 mm thick. The beds
commonly display grading. The siltstones contain lonestones up to several centimeters in
diameter which indent underlying beds and are draped by overlying beds (Fig 3.6). These clasts
have the ppearance of dropstones and provide good evidence for glacial influence during
sedimentation.

The siltstone beds are composed of-fynained quartz, potassium feldspar, white mica,
biotite, chlorite, and carbonate minerals (Figure 3.7a, b, c, d). Ch&de have abundant
detrital quartz and feldspar (now all potassium feldspar) grains. They occur as both subrounded
grains (50 to 200 um in diameter) that define a roughly equigranular texture and smaller,
anhedral grains. Coarser grained beds are conywaenhented by carbonate minerals (calcite,
dolomite, and ankerite) that form anhedral grain§@@m in diameter. Rutile is present as
small (1620 um) subto anhedral gramin many coarser grained beBgrite is a minor
constituent of the coarser gnad siltstone beds and is rarely present in amounts greater than 1
percent. The pyrite occurs as relatively large (up to 500 pm¥ghierical crystals that form
aggregates (Figure 3.7c, @he shape of these pyrite grains suggests they repiagenetic

framboids.

22



Figure3.5 Grand Conglomérat diamictite. (A) Plapelarized photomicrograph oglatively
weaklyaltereddiamictite Phyllosilicates are weakly developed and a primary detrital matrix of
subround quartz grains is well preserved. Calcite is abundant and likely represents carbonate
cementation that occurred during diagenesis as well as possibly detrital grains. Mimoispyrit
present as cubic crystals (DDH KEDDO0034, 108(B). QEMSCAN® image at a 15 micron
resolution of diamictite displaying weak potassium feldspar and muscowigzalizationof the
matrix. This sample contains clasts of quartz as well as severalatihitend chloriterich clasts

in a matrix of musovite, biotite, and potassium feldspar. The clasts are dominantly subrounded
to less common subangular quartz. The clast at the top of the image is quartzite with quartz
grains in a quartz, biotite, and mosde matrix. The sample also contains several subrounded to
subangular clasts composed dominantly of albite containing fine grains of ctiiatiteere

likely detritalplagioclasdeldspar grains. Other generally elongate clasts are dominantly
composed bchlorite. Thesavere likelymafic igneous clasts. The central portion of the sample
has a muscovitech matrix while the matrix above and below this is more potassium feldspar
rich. Muscovitecommonlyreplaces potassium feldspar. The matrix alsoainstrelatively

minor biotite that is locally replaced by chlorite. Several of the quartz clasts display
discontinuous rims of chlorite and less commonly muscovite; the muscovite appears
paragenetically early relative to chlorite. Carbonate mineralsaeger this sample. Minor

calcite is present within some quartz clasts and as rare small grains in the matrix. The black box
shows the location of image Y(DDH KEDDOO076, 174m).C) High resolution (2 micron)
QEMSCAN® image of the least alterdthmictite matrix in (B). The sample contains

subrounded to subangular, commonly somewhat elongate quartz grains with interstitial
potassium feldspar, muscovite, biotite, and chlorite. The muscovite forms flakes up to
approximately 100 microns in lengtR.otassium feldspar cements quartz graimsst likelyas
analteration product from original detrital clay. Muscovite reptquetassium feldspar. Irregular
grains of biotite are intergrown with both potassifeldspar and muscovite.idite crystals are
partially replaced by chlorite throughout the sample. Several anhedral grains of albite, probably
after detrital plagioclase, are present. The sample also displays an aggregatecnfstaike

(DDH KEDDOO7, 174m).
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Finer grained bedwithin the siltstone layers tend to be richer in phyllosilicate minerals
than coarser grained beds. The fgrained beds are composed dominantly of white mica with
subsidiary biotite, chlorite, quartz, and potassium feldspar (Figure 3.7a, bprgined white
mica forms small subhedral crystals or aggregates of crystals interstitial to quartz, potassium
feldspar, and carbonate minerals. Chlorite and biotite commonly occur together as small
subhedral grains. Chlorite occurs as subhedral crystals thananed or overgrown by biotite.
Rare apatite occurs as small {30 um) rounded to angular grains.

The Grand Conglomérat unit diamictites at Fishtie are dominantlydrighgy masflow
deposits that contain clasts derived from both the adjacent basgplitatand more distal Roan
Group outcrops. They are also likely to contain glacial dropstones. The diamictites are

interbedded with silty turbidity current deposits that contain glacial dropstones. The presence of
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exotic clasts, striated clasts, andpbtones clearly demonstrates the sequence is partially

glaciogenic in origin (Cahen, 1978).

Figure3.6. Lonestone of quartzite within magnetitnd ankeriteich siltstone (weakly
developed iron formation) from within the Grand Conglomérat unit. cldst deforms
underlying bedsThe texture suggests this is a dropstdeposited from melting i¢®DH
KEDD-0034, 113.5m).
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Figure3.7: GrandConglomérat unit siltstone@A) Planepolarized photomicrograph of a fine
grained siltstone from the eastern structural domain. The rock consists of quartz, muscovite,
biotite, and chloriteThe sample imineralized and contains chalcopyrite grains (opagpego

100 microns in diameter (KEDDO0023, 102.71{B) Planepolarized photomicrograph of a

relatively coarse grained siltstone bed from the central structural domain. The santaies

detrital class of quartz in a matrix of fingrained muscovite, biotite, and chlorite (DDH
KEDDO0O0O08, 104m)(C) QEMSCAN®imageutilizing a 15 micron resolution, of siltstone
underlying a diamictite laygrom a weaklyaltered portion of the deposit in the east&ractural
domain. The matrix of the diamictite contains subrounded to subangular grains of detrital quartz
up to 0.6 mm in diameter set in a matrix of quartz, potassium feldspar, muscovite, biotite, and
chlorite. A quartzite clast dominates the centeat pf the sample. The clast is composed of
subrounded quartz grains surrounded by potassium feldsparamdainingnuscoviterich

band. A clast of biotitguartzmuscovite schist is present at the top of the image. Biotite in this
clastis partially replaced by chlorite. Both clasts and portions of the matrix of the rock have
been overgrown by rounded grains of pyrite up.lomm in diameter. Many of these pyrite
grainsareintergrown with or overgrown by chlorite. Both the quartzite and sclastsctlisplay

rims of muscovite. The muscovite rim on the quartzite clast is discontinliagibest developed
beneatrand on both ends of the clast. The muscovite rim beneath the clast has an outer rim of
ankerite. These rims were probably formed during hydrothemmadralization The siltstone

below the diamictite contains a similar mineral assemblage to the dianbigtigrain sizes are
smaller. Wispy muscovitach bands through the matritkely represent relict clayich seams.

The area of image (D) is outlined in bla@DH KEDDO0076, 168m (D) QEMSCAN® image
utilizing a 2 micron resolution, dhe siltstone in@). The siltstone is composed of detrital grains
of quartz, feldspar, and carbonate grains in a matrix of muscovite and biotite. The quartz grains
display irregular shapes suggesting many have authigenic overgrowths that underwent quartz
dissolution. Thenly plagioclase feldspar present is albite that displays irregular edges and
commonly contains minor amounts of chlorite. The carbonate grains show subrounded to
irregular shapes suggestive of derivation from sedimentary grains. They consist almalgt enti

of ankerite suggesting hydrothermal alteration of the sample. Several of the ankerite grains are
rimmed or cut by potassium feldspar. Muscovite in the sample forms small flakes to irregular
clots. Biotite is present as irregular to somewhat elorgyaias. Chlorite is sometimes

intergrown with or replacebiotite and also occurs as discrete grains. The matrix also contains a
number of apatite anaitile grains that display subrounded to irregular shapes. The sample
contains several grains of subrded to subhedral pyrite that is commonly intergn with or
overgrown chloritd DDH KEDDO0O076, 168m).
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Thickening of theGrand Conglomératnit toward normal faults indicates deposition in
actively growing grabens. The rapid thickness changes disptgytid Grand Conglomérat unit
at Fishtie are similar to those described from the Itawa area to the north along the eastern edge of
the Zambian Copperbelt (Binda and Van Eden, 1972). The Grand Conglomérat unit at Fishtie is
similar to other described seaquees of this unit along the southern margin of the Katangan basin

(Master and Wendorff, 2011).
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3.3  Nguba Group - Kakontwe Limestone
Drilling atFishtiehas intersected a maximum thickness of 120 meters of the Kakontwe

Limestone(Cailteux et al., 2007) The Kakontwe Limestonenit at Fishtieconsists largely of
dolostoneand partially dolomitized limestor(8.8a, by company logs indicate that limestone
beds ardocally present near the base of the formatidhe base of the unit generally consists of
grey massive dolostonésat commonly display planar to domal stromatolitic laminations.
These areverlain by amixed zone of massive dolostooentaininglayersof pink colored
dolostone with thin argillaceous baratsddistinctive pink to green intervarlhis iscapped by
variably dolomitized algally banded limestone with thin argillaceous bands, a pinstriped
dolostone layerand dolomitic siltstoned he pnstripeddolostondayer displaysnterlayered
white and pink to grey and gred®ds that average 5 millimeters in thickneBslomitic
siltstonebedsare laterally equivalent to variably dolomitized limestomethe upper portions of
the Kakontwe Limestone unit at Fishtie and appear to increase in abundance and thickness to the
east. They are commonly finely laminated.

Massive dolostones and pinstrgpeolostones consist largely of-100 micron sized
grains of anhedral dolomit®olomite replaces anhedredlicite grains of similar sizdhe
dolomiteis relativelyfree of inclusions but may displ@apme dusting negrain margins
Massive and pinstrigedolostonegontain small amounts of disseminated subrounded quartz
grains rare white micaand minor cubic to subhedral pyrite grains up to 150 microns in diameter
(Figure 383).

Dolomitic siltstones are composed of alternating dolonaitel siliciclastierich beds.
Individual beds range from 1mm to greater than 30 mm in thickness and rhythmically alternate

between dolomiteich, siliciclasticrich, and carbonaceous layers (Fig8réc, d).
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Figure3.8 Photomicrographand QEMSCAN®imagesof the KakontweLimestone unit(A)
Crosspolarized photomicrograph afiassivedolostone. Dolomite occurs as subrounded to
subangular grains that are intergrown with subordinate quartz. Calcite é@hes®n, and forms
small graindKEDDO0135, 141.5m)(B) QEMSCAN®imageutilizing a 15 micron resolutiorgf
Limestone from the least altered portwithe deposit. Calcite is danant with lesser dolomite

that forms weakly developed planar bedding planes. Minor quartz and potassium feldspar occur
as small grains throughout the sample. Pyrite is sporadic as small subhedral (@{3thls
KEDDO0O076, 115m)(C) Planepolarized photonurograph of dolomitic siltstone. Quartz and
dolomite occur as subrounded to subangular grains and have abundant carbonaceous material
interstitial to grairboundariefKEDDO0142, 139.5m)(D) QEMSCAN®imageutilizing a 15

micron resolutionpf rhythmicallybedded dolomitic siltstone. Bediernatebetween dolomite

rich and silieclastic rich. Siliciclastic beds are composediall subround to samgularquartz
andpotassium feldspagrains Dolomite rich bedsontain minor quartz and potassium feldspar
and have increased abundance of carbonaceous mgd&idIKEDDOO85, 150m).
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The siliciclastic beds contain quartz, dolomite, and potassium feldspar in addition to
minor white mica. They are generally carbonaceous with organic material forming irregular
masses interstitial to dolomite, quartz, and potassaladspar grains. Organic material also
forms semicontinuous layers within the dolomitic siltstones up to 3mm thick.

Carbon and oxygen isotopic analysis was performed on suites of samples from the basal
90m of the Kakontwe Limestone unit from two drill Bslat Fishtie. The Kakontwe Limestone
unit in both holes was largely dolomitized indicating post depositional diagenetic alteration;
neither hole displayed significant hydrothermal alteration or mineraliz&taory workers
believe that dolomitized carbaearocks may retain their origind}*C composition as the high
concentration of carbon in the carbonate rocks relative to meteoric fluids maké¥tatio
much more resistant to diagenesis tH8® (Halverson et al., 2005).

The carbon and oxygesotopic values of the carbonate rocks at Fishtie (Appendix F) are
similar to those in the Kakontwe Limestone to the north on the eastern edge of the Zambian
Copperbelt (Itawa drill hole F26; Bull et al., 2011) and to those at the Kipushi deposit to the
northwest of the Zambian Copperbelt (Berger et al., 2013) (Figure 3.9). They are heavier than
isotopic values in the thin limestone beds present within siltstones and sandstones of the lower
Nguba Group above the Grand Conglomérat at the Kamoa depdisé western margin of the
Katangan basin (Schmandt, 2012) (Figure 3.9).

The differing isotopic values between carbonate rocks in the Kakontwe Limestone unit in
the FishtieZambian Copperbelt region and the Kamoa area may reflect fundamentally different
depsitional environments. The Kakontwe Limestone in the Fistdimbian Copperbelt area

formed a regionally extensive sh&ype carbonate (Wendorff and Key, 2009) while at Kamoa
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limestone above the Grand Conglomerate forms thin (<2m thick) discontinudsigibeddened

siltstones (Hitzman pers. comm., 2012).
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Figure3.9 Carbon and oxygen isotopic values of unaltered and alsaregles of th&akontwe
Limestone unit, calcite veins, and ankerite in iron formatihin the Grand Conglomérat unit

from Fishtie Boxes outliningcarbon and oxygen isotopic datarfr unaltered Kakontwe

Limestone rocks from the eastern Zambian Copperbelt (Bull et al., 2011), the Kipushi deposit
(Berger et al., 2013), and the Kamoa deposit (Schmandt, 2012) indicate that there is substantial
overlap between the data from Fishtie, tlaenbian Copperbelt, and Kipushi but that the

carbonate rocks in the lower Nguba Gpaat Kamoa display distinctly lower isotopic values.

There is a trend to lighter carbon and oxygen isotopic values in samples from mineralized zones
at Fishtie from the les altered samples. Calcite from veins hosting sulfides, or spatially closely
as®ciated with sulfides, tends have even more depleted carbon and oxygen isotopic values at
Fishtie. Ankerite from the iron formation at Fishtie display extremely depleted values relative to
dolomite from the least altered Kakontwe Limestone.unit
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Carbon and oxygen isotopic chestratigraphy through the lower 90m of the Kakontwe
Limestone unit at Fishtie shows a regular variation in both carbon and oxygen isotopic values
through the section from lighter values immediately above the Grand Conglomérat unit to
heavier values in thepper portions of the unit (Figure 3.10). The pink colored dolostone units,
in particular the pinstriped dolostone layers, have lighter isotopic values than the enclosing more
massive dolostones. The carbon isotopic values from these two closely splabetedr while
displaying similar patterns, do have distinctly different values calling into question whether they
reflect originald™*C compositions; similar results have been reported in other Neoproterozoic cap

carbonate sequences (Jiang et al., 2003)

KEDDO076 KEDDO0079
50 -

2L

meters

gomsmanam

% 7

k4 w

5O (%0) 8C, 09 (%0) 5o (%0) % 5C, 005 (%0)

_"_l_’.l_’.lqs 5_5 Variably dolomitized limestone. Cream-pink, domal to laminated %ﬁ% Dolostone. Pink-salmaon, generally massive with some carbonate
== Z:7; with massive zones containing stringy carbonate mud drapes F=7== mud draping near the top of the interval.
= P

Alternating pink/green 1-3cm thick dolostone beds; pinstripe
unit

Dolostone. Grey-blue to grey-purple, domal to lenticular to massive N . B
% bedding with abundant carbonate mud drapes Dark blue-grey rhythmically bedded silty dolomite

Figure3.1Q Stratigraphy of the Kakontwe Limestone unit in drill holes KEDDOO0O76 and 0079

which are located approximately 230 m from one another in the eastern strdotneah Both

drill holes show a progression from dolostones ab#se of the sequence up into dolomitized

| i mest oH@pos( &) h &Odflow @8 ) values of samples from
display a general trend towards lighter values with depth. Values at the base of the sequence
probably reflect the negative t@n excursion (Rahof anomaly) associated withe Sturtian

glacial eveh(Halverson et al., 2010).

rey-green carbonate mud and rhythmically bedded dolostone.
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Data from around the world indicate that negatf?€ excursions are present both
beneath the Sturtian glacial diamictites (Islay anomaly) and at the base of the cap carbonate
rocks above the diamictites (Rasthof anomaly; Yoshioka et al., 2003; Halverson et al., 2005).
Both these anomalies are observed in the ltawa section throughkbati¢e Limestone at
Itawa to the north of Fishtie (Bull et al., 2011). The data from Fishtie appears to indicate the
presence of the Rasthof anomaly. Thus, the carbon isotopic chemostratigraphy of the Kakontwe
Limestone at Fishtie is consistent with gdbbomposite curvesl@cobson and Kaufman, 1999;

Halverson et al., 2010).
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CHAPTER 4
STRUCTURAL GEOLOGY OF THE FISHTIE AREA

Regional magnetic dat&igure 13; AppendixA) suggests thEishtie deposit is located
above a basement horst on the northern margin of the Lusale basin. Drilling indicates that the
deposit areaontainsa series of sulertical normal faults that strike sydarallel to the basin
marginand forman arcuate patterfrigurel.3; 1.4; 3.2). These faults are inferred from offsets
of the contact between basement rocks and the Grand Conglomérat unit and the contact between
the Grand Conglomérat and Kakontwe Limestone uNivsie of thegenerally verticadirill holes
logged for this study intersected deformed rocks that could represent a normal fault. The normal
faults in the Fishtie area appear to control both thickness and facies variations in the Grand
Conglomérat and Kakontwe Limestone units. They also appawanttyolled the thickness and
grade ofbothiron oxide and sulfide mineralized zones.

Most of the normal faults display downthrow to the south into the Lusale (Fagure
1.3;1.4;3.2). Maximum offsets along the normal faults appear te@0m. Available data
suggest the normal faults have lengths of up to 1.8hkmgh lateral extensions of many of the
faults are not well constrained by drilling datsleasurement of offsets along the faults suggests
a regular progression of displacement (Figu8s 1.4). The geometrpf the faultand
displa@ment gradients along individutgults suggest theyay form aseries osegmented fault
arrays in which displacement was transferred between structures byredaypzones (Walsh
and Watterson, 1989).

The normafault pattern was utilized to divide the deposit area into different structural
domaing(Figure 14). Normal faults in the westestructuraldomain strike nortmortheast and
dip steeply to the southea$the centraktructuraldomain has generally easénding normal
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faults that dip to the soutfhese faultare offset along a series of nestriking dip-slip faults.
Normal faults in the eastern domain strike wastthwest and dip to the southweBhe satellite
domain covers an area with a thickeeserved sequence of the Kakontwe Limestone unit that
appears to contain both eashd northstriking normalfaults.

The western structural domasontainsthree laterally unconstrained northettssnding
subverticako steeply south dippinfgults withnormal offsetof 15 to 65 mThe Grand
Conglomératnit thickers significantly towards the southernmost normal fé®siction AA 6 ,
Figure 32). Thisfault appears to havead approximately 50m of synsedimentary displacement
(sectionsA-A 6 ,-B pBigure 32). Iron formation within the Grand Conglomérat unithis
domain thickens toward the normal faulthe Kakontwe Limestone unit is present only to the
south of this fault; to the north it has been eroded or replaced by weathered saprolite.

The central structural domagontains thehickest and highesgradeportion of the
Fishtie deposit as currently known. This domain contaweseasttrending normal faultsvith
down to the south displacements. Drilling suggests the central donbaiarid to the north by
an eastrending normal fault with north side down displacement of approximately &8ctign
C-C fFigure 32). The Grand Conglomérat unit thickens significantly towards the southernmost
easttrending fault in the central dam; this faultdisplays an offset of approximately 40m
Drilling suggests that this thickening may be caused primarily by increased thicknesses of
siltstone layers within th&rand Conglomératnit. Such thickening is not evident towards the
easttrending fault mmediately to the norttwhich has an apparent normal offset of 23ron
formation occurdoth adjacent to the southernmost gsstding normal fault and further south
(section GC oFjgure 32). Iron formation is also present in the central structural zone along the

hanging wallto the northernmost eagending fault.Sulfide mineralization occurred adjacent to
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both ofthe down to the soutasttrending faults but was much more intense aliw@gnorthern
fault. Current drilling suggests the Kakontwe Limestone unit is laterally equivaléms to
uppermost portion of the Grand Conglomérat unit in the central structural zone

Theeasttrending normal faults in theentral structural domaisppea to be cut and
offset by two northeadtending dextral strikslip faults Similar trending normal faults appear
to separate the central and eastern structural doméimese steeply dipping faults appear to
display normal movement with a combined daduaotv to the west of approximately 60m.

The eastern structural domaiantains at least two generally eastitheastrending
normal faults. The southernmost normal fault in this domain has a normal offset of
approximately 25m while the northern fault lsasormal offset of 35m to the south. A long
section through the eastern structural domséction EE 6Fjgure3.2) indicates the Grand
Conglomérat unit progressively thins to the east across this dofftaéne has beemsufficient
drilling to determine whether the easiutheastrending normal faults controlled thickness
variations in the Grand Conglomérat or Kakontwe Limestone units.

The eastern structural domasmgeparated from the satellite struatidomain by twe
north-northeastrendingsubvertical normal faultshat havea combinednormal downthrowof
over 100 meterslhesatellite structural domain forms a graben bound to the east and west by
generally nortiirending normal faults. Normal faults on the wade of this graben have a
combined offset of approximately 100m; the more poorly constrained normal fault marking the
easten edge of the graben appe#n haven offset of only 15m. Drilling is insufficient in this
area to determine whether the Grarmh@lomeérat unit displays thickness changes relative to the
eastnortheastrending normal faults; there appears to be no changes in the thickness of the

Grand Conglomérat unit relative to the neménding normal faultsThickness and facies
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changeselative to both fault sets are apparent in the overlying Kakontwe Limestone/hici
contains more dolomitic siltstone to the north and esssttion DD OFjigure3.2). Although

sulfide mineralization of the Kakontwe Limestone unit occurred irs#tlite structural

domain, it appears that iron formation was not developed in the Grand Conglomérat unit in this

area
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CHAPTER 5
DIAGENETIC AND HYDROTHERMAL MINERALIZATION

The fine grain size adhe metasedimentary rocks at Fishtieadedifferentiating detrital
grains, diagenetic minerals, minerals precipitated during genesis of iron formation, and
hydrothermal mineral assemblages difficulthough the rocks atightie undaibtedly
experiencedow-grade metamorphism during the Lufilian event, no obvious metamorphic
fabrics are present in the Katangan sequeangérothermal mineral assemblagesre
ddineatedduringlogging andhen examined witkransmitted and reflectdwjht petrography
Representative samples of end memireral assemblagegere analyzed using the
QEMSCAN® instrument to better understand both mineralogy and textures.

Diagenetiamineralizationof the Grand Conglomérat unit diamictites and siltstones is
difficult to distinguish from later hydrothermadineralization, butikely included albitization of
plagioclase and conversion of calcite to dolomitee paragenetically earliest hydrothermal
eventwastheformation of a magnetitankeriteapatite assemblage that defines the iron
formation in the Grand Conglomérat unit. This was followegdassianineralizationof the
Grand Conglomératnit anddolomitic siltstones of th&akontwe Limestone units

Hydrothermalmineralizationin the Grand Conglomérat unit resulted in the growth of
potassium feldspar, biotite, muscovite, and chlorite. imeralogyof diamictites in the Grand
Conglomérat unitorrelages to color whiclthanges from grey (least altered) to brownish to pale
grey to greenish within the Fishtie area. These color changes were noted during logging and
confirmed with petrographic observation. The petrographic correlation of dominant mineral
assemblages to zones mapped in drill ¢ona the basis for delineation of different alteration
zones.
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Grey diamictiteggenerally contaimoderate to relatively abundant potassium feldspar as
well as an assemblage of biotite, muscovite, and chlorite. Brownish diamictites contain
significant amounts of biotite with less muscovite and chlorite. Pale grey colored diamictites
generally contaimelatively abundant muscovite. Greenish diamictites are chlorite rich. The
distribution of theselifferent colored intervalsan be grouped intechematienineralizedzones
(Figure 51). It is difficult to tell from the available data the relative timne¢ationships between
these styles ahineralizationthough it appears the chlorieineralizationis generally late. The
Kakontwe Limestone unihost commonly displaygotassium feldspand chlorite

mineralization

Muscovite (Musc)

- Biotite (Bio)
- Chlorite (Chl)
. Magnetite (Mag)

Magnetite-Ankerite-Apatite
(Banded Iron Formation)

s Supergene Ore Zone (>2.0% Cu)

= Hypogene Ore Zone (>0.3% Cu)

Figure5.1 Schematic distribution dfydrothermalminerals and location of hypogene and
supergene ore zonascross section € 6lron formation occurs adjacent to the southernmost
and northern normal faults. It is overlain in the soutla zgne with disseminatedagnetitan

the diamictite that thickens towards normal faults and is inferred to form a continuous layer in
the south part of the sectidBiotite mineralized zones occprimarily in the upper portions of

the section andrenot assoiated with econoio coppersulfide mineralized zones. Muscovite
mineralized zones apesent throughout this section aréassociated with higher
concentrations of copper sulfides. Chlorite isaamtrated near the high angle normal faults and
is typically associated with wethineralizedcoppersulfidezones. KEDDdenotes diamond drill
hole and KERC denotes reverse circulation drill hole.
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Hydrothermalmineralassemblages were best developed adijio the inferred high
angle normal faults while diagenetic assemblagebestpreserved distal to such structures.
Although copper gifides occumwith biotite-dominant muscovitedominantandchlorite-
dominant mineral assemblages in the Gr@odglomérat unithey appear most abundant in
chlorite-rich assemblageand least abundant in biotiteeh assemblages

As in the Kamoa deposit (Schmandt et al., in press), lithic clasts in the Grand
Conglomératinit commonly display rims with coarser gred alteration minerals. These rims
may completely enclose a clast but are generally discontinuous. The mineralogy of the rims
reflects the dominant mineralpgbiotite, muscovite or chloritd of the surrounding diamictite
matrix (Figure3.4). Some of the mineral rims on diamictite clasts, particularly those with
abundant chlorite, contain coarse copper sulfides. Unlike Kamoa, such mineral rims rarely form
preferentially above or below a clabt.contrast to Kamoa there does not appear torbgudar
variation in mineralogy of the clasts vertically from the base of the GZandloméraunit at
Fishtie Instead there is a lateral zonation away from the normal faults that mirrors that of the
dominantmineralassemblage the diamictite matrix

5.1 DiageneticMineralization
Diagenetiomineralizationof the Grand Conglomérat unit diamictites and siltstones can

rarely be discerned due to latgrdrothermakvents Petrography anQEMSCAN® aralysis

indicates that before diagenesis and later hydrothemmakralizationthe GrandConglomérat

unit diamictites were composed shalldetrital grains of quartz and feldspar together with lithic
clasts in a muddy, clagych matrix. Grand Congloénat unit siltstonesverelikely composed of

detrital grains of quartz, feldspar, calcite, dolomated claywhile dolomitic sitstones in the

Kakontwe Limestone unit were composed of calcite and dolomite grains and cements with minor

detrital quartz, feldspar, and clay.
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Rare quartz overgrowths on quartz grains in both diamictite and siltston@tids
Grand Conglomérat uniik ely formed during early diagenesRrecipitation of dditional quartz,
together with carbonate mineral®uld haveoccurredduring burial at shallow depths (<2 km)
and low temperatures (~100°Clhese conditions would also haakowedformation of chlorite
from detritalclay andpotassiunfeldspar overgrowths on detrital feldspar and quartz (Morad et
al., 2000; Tucker et al2011).The presence of albite psuedomorphing detrital plagioclase in
rocks at Fishtie suggests tltidgeneticalbitizationoccurreddue to increased burial
temperatures (Morad et al., 2000; Tucker et al., 2011). The preponderance of dolomite and
relative absence of calcite in the Grand Congloménittalso indicateglevated burial
temperatures.

TheKakontwe Limestone unit contains both limestone and dolostone beds. The presence
of abundant stromatolitic texturesggestportions of theunit may have beeariginally
deposited as dolostone. Neomorphism and early diagenesis would have resulted in
recrystallization of original carbonate grains and precipitation of early carbonate cekivéhts.

burial much of the original calcite oragonite in the unit was converted to dolomite.

5.2  Iron Formation
Iron formation isrestricted to the Grand Conglomérat wmiitere itis interlayered with

siltstone beddron formation occurs adjacent to the southernmost normal faults in the western
andcentral structural domainghere it attains maximum thicknesses 6. Iron formation has
also been intersected on the northern edge of the central structural domain wstesmsoitiated
with a north side down normal faultection GC dFjgure3.2). Well-developed iron formation is
restricted to near the top of the Grand Conglomérat unit.eiaated magnetite and ankerite

are locally present within diamictites and siltstopemarily above lenses of iron formation
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(Figure5.1). Iron formation thickens and the amount of disseminated magmedit@mictites
and siltstones above the iron formatinoreases towards the normal faults.

Iron formation iscomposed of quartmagnetite, ankerite, apatite, chlorigand biotite
(Figure 523, b). Iron formation typically consists of alternating bands or beds rich in magnetite,
ankerite, or apatitell of which commonly contain minor to significant qua&eochemically
samples othe iron formatiorcontain up to 46vt. % FeOs; and are siliceous (328 wt. % SiO,)
(Appendix B). They contain up towt. % P.Os due to apatite and are anomalous in barium with
values up to 240 ppmwmough no barite has been observed petrographiddilyiron formatio
has very low manganesentens, with maximum values less thanat. %. The iror or
phosphorousich layersare commonly intéreddedwith siltstone or thin diamictite bedisat
contain significantlisseminateanagnetiteandbr ankerite Both thesiltstone beds and some
iron-rich beds display textures suggestive of gradedibgdas well as slumps and
intraformational foldsIndividual bands within the iron formation may consist of nearly
monomineralic or bimineralic assemblages of magnetite aadzjor ankerite or apatite (Figure
5.2a, b).

Siltstone and diamictite beds above iron formation layers commonly contain
disseminated anhedral to subhedral magnetitel QOum) (Figure 5.2c, d). Disseminated
magnetite in these beds is commtyointergrown with chlorite that is in turn partialleplacedy
biotite. The distribution and textures of this magnetite suggest it grew in the diamictite after
deposition. No clasts of iron formation have been observed in the diamictite, even in diamictite
directly overlying iron formation bands. The iron formation lacks significant muscovite and
potassium feldspar and generally contains less biotite than typical siltstones in the Grand

Conglomérat unit. It does contain relatively abundant chlorite and h@&s v¥dluesthat are
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similar to theadjacent siltstones (Appendix B). Distinct detrital grains of qusanidar to those
present in Grand Conglomérat unit siltstones are absent in the samples of iron formation
examined for this study.

Magnetitein iron formaion forms subhedral to euhedral grains that are U®@m in
diameter. It is most commonly intergrown with quartz. Magnetite in both the iron formation and
in the diamictitesnay bereplaced by hematite that is in turn locally replaceddsgttic iron
oxides (Alimoniteo i n inGhe V8 Orandtiorocenes gsesmdlilto Anker i
moderate sized (2R00 um) subhedral to anhedral crystals. Thin beds within the iron formation
may consist almost entirely of either magnetite or ankerite and osantaor to abundant quartz.
Apatite occurs as a minor constituent throughout the iron formation but also forms thin, nearly
monomineralic apatite bands. The apatite is anhedrabiwesiral and ranges up to 200um
diameter. Chlorite is common as smdlL0-50 um) anhedral grains that rim or are intergrown
with magnetite, and are in turn rimmed by bio{fe&gure 5.3a, pbc).

The absence of iron formation clasts together with the presence of disseminated
magnetite in the diamictites suggest that the foomation formed largely by precipitation of a
magnetiteankeriteapatite assemblage within the more permeable siltstones in the Grand
Conglomérat unit, rather than as a chemical sediment. The presence of apparent graded beds
within the iron formation islso difficult to reconcile assuming iron formation was a chemical
sediment, as it would appear to be difficult to produce graded beds from amorphetushiron
gels or chemicalhdeposited varves (Bekker et al., 2010).

The iron formation is anomalous inggzer with values ranging between 80 and 650 ppm

(Appendix B). Petrography demonstrates that chalcopyrite overgrows magnetite both within the
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iron formation and within the diamictite. These relationships clearly indicate that copper

mineralization postdasethe iron formation.

Figure5.2 Iron formation within the Grand Conglomérat unit from the central structural domain.
(A) Planepolarized photomicrograph of iron formatioansisting ofnterlayered bands of

ankerite and magnetite. The magnéettgers consist of aggregates of euhedral magnetite that is
locally replaced by hema& and intergrown with chlorittbDH KEDDOOO6, 62m). (B)

Reflected light photomicrograph of magnetite in the iron formation intergvatinchlorite

(DDH KEDDO0006, 62m). (C) Typicahagnetitecrystalsin Grand Conglomérat unit diamictite
matrix. The magnetite has euhedral to subhedral shapes and is intergrown with chlorite and
lesser qudz and ankerit¢dKEDDOOOS8, 97m). (D) Reflected light photomicragh of Grand
Conglomérat unit diamictite containing disseminatedhedral to anhedral magnetite
(KEDDOO008, 97m).
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Figure5.3 Iron formation within the Grand Conglomérat unit from the western structural

domain (DDH KEDDO0O033, 44m). (A) QEMSCAN® image with a 15 micron resolution of

typical iron formation. The upper part of sample contains abundant magnetite that is intergrown
with quartz and minor ankerite and apatite. The lower portion of the sample is apatite rich. A
band with irregular clots of ankerite separates the two domains. The-ajghtiéene contains
guartzrich and magnetiteich bands that appear to represetitt siltstonebeds The areaf
images(B) and (C) areutlined in black. B) Enlarged view of iron formation i(A) at 2 micron
resolution.The sample consists of intergrown quartz, magnetite, and ankerite with minor
chlorite, botite, muscovite, and apat{®@DH KEDDO0033, 44m)(C) Enlarged view of iron

formation in(A) at 2 micron resolutionThe sample is composed of apatite and quartz with
intergrown magnetite, chloritand ankerite. Apatite occurs sesmicontinuous bands &t are
depleted in magnetite and chlorite. Ankerite at the base of the image occurs as a continuous band
intergrown with magnetite.

5.3 Potassium Feldspar and BiotiteMineralization
Potassium feldspar, commonly with intergrown biotisegommorthroughouthe Grand

Conglomérat unit and dolomitic siltstones of the Kakontivedstone unitPotassium feldspar is
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most abundarih zones that were loggedasaklyaltered. In the Grand Coglomérat unit
potassium feldspar is generafiyesents thin rims on quartz graings intergrowths with biotite,
or as scattered grain remnaimsreas with abundabiotite, muscovite and/or chlorite. These
textural relationships suggest an early peof potassienineralizationinvolving the
precipitation of both potassium feldspar and bioftetassium feldspar is essentially absent in
iron formation though these rockgy havecontained little clayplagioclasdeldspar, or white
mica that would have allowed for théeration topotassium feldspam the Zambian
Copperbelt detrital clay anulagioclasdeldspar were pervasively replaced by potassium
feldsparduring hydrothermal alteratigidarnley, 1960; Sellegt al., 2005) Schmandt et al. (in
press) noted a similgotassialterationeventat the Kamoa deposit that was largely overprinted
by latersilicification andchlorite mineralization

The Grand Conglomérat diamictitecally displays a distinct brownish color resulting
from an abundance of bioti{€igure5.4a, h ¢). Such biotiterich diamictite is most common at
the top of the Grand Conglomérat unit at Fis(figure5.1) though minor biotite occurs
throughout the uniBiotite in such zoneformssemicontinuous aggregates gfainsthroughout
matrix andis locally concentratedround the margins @fasts It is commonly intergrown with
potassium feldsparBiotite maycontainsmall (1650 um) sulbedralto anhedral inclusions of
muscovite(Figure 5.4apndcommonly replacechlorite (Figure 5.4b) Apatite is common in
matrix as small (@0 um)rounded crystals that are rimmed or partiafiglacedoy calciteor
dolomite.The biotiterich samplsinvestigated wittpetrography an@QEMSCAN® analysis
containmore albite than other samples examinatbite occurs as detrital grains that are often

rimmed or partially replaced by biotite (Figure 5.4€alciteformssmall to moderate sidg20
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150+ pm) anhedral crystals in matrikmay contain small cores of dolomite or dispilay rims
(5-15 pm) of dolomitgFigure 5.4, €).
5.4  Muscovite Mineralization

Grey colored diamictites are the most common diamictite type at Fishtie. They contain
abundant muscovite. Extremely muscoviteh diamictites are spatially associated with areas of
copper mineralization (Figure 5.1 the matrix of grey colored diamitg beds muscovite
forms aggregates of crystals that exceed one millimeter in length and overgrow detrital and
diagenetic quartz and albite and disseminated magnetite and apatite in diamictites above iron
formation Figure5.5a, b). Muscovite is often grgrown with, but more commonly replaces,
potassium feldspar. Muscovite rarely occurs as coarse flakes up to 1mm in length around the
margins of clasts in the diamictite where it is intergrown with or replaced by biotite and chlorite.
Muscovitemineralizel rocks generally lack calcite and dolomite but contain ankerite. Ankerite
is commonly restricted to clast rims or to chloriigh zones where it is associated with sulfides

suggesting it is related to a later phase of mineralization (Figure 5.5c, d).

55  Chlorite Mineralization
Chlorite is present throughout the Grand Conglomérat unit as well as in e

mineralized areas of the Kakontwe Limestone unit. It is also present intergrown with magnetite,
ankerite, and apatite in the iron formatioihile the chlorite in the iron formation is likely

related to its formation, that in the Grand Conglomérat (removed from areas of magnetite
alteration associated with the iron formation) and Kakontwe Limestone units is commonly
intergrown with sulfide minls indicating is represents a separate hydrothermal e@eand
Conglomérat unit diamictites with a distinct greenish color are present adjacent to several of the

normal faults at Fishtie (Figure 5.1).
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Figure 5.4: Biotitemineralized Gran€onglomérat unit diamictite. (A) Playpolarized
photomicrograph of biotitenineralized diamictite. Biotite occurs as pervasive small to moderate
sized subto anhedral crystals that contain inclusions of muscovite indicating it has been
replaced by bioté. Pyrite is present as small subhedral crystals (DDH KEDDOO008, 98.6m). (B)
Planepolarized photomicrograph showing biotite replacing chlorite and muscovite. (DDH
KEDDO0O008, 98.6m). (C) Plane polarized photomicrograph showing biotite partially replacing
theouter edges of an albite grain. The interior of the albite grain is partially altered to muscovite,
chlorite, and biotite (DDH KEDDO0O0O08, 98.6m). (D) QEMSCAN® image at a 15 micron
resolution of biotitemineralized diamictite. The sample contains subroucthesis of vein

guartz, quartzite, and schist set in a matrix of biotite and quartz with subsidiary chlorite replacing
biotite. The matrix contains relatively sparse muscovite which occurs as inclusions in biotite
aggregates suggesting it has been largglaced as shown in (A). The sample contains

relatively abundant small grains of albite intergrown partially replaced by biotite as shown in
(C). The sample also contains relatively abundant disseminated apatite intergrown with biotite.
Several grainsfacalcite are present, some of which have cores of ankerite. Minor pyrite and
pyrrhotite are present as small disseminated grains within biotite. The area of image (D) is
outlined in black (DDH KEDDQ089, 46.3m). (D) QEMSCAN® image showing an enlargement
of (C) at a 2 micron resolution. The image emphasizes the lack of muscovite and the abundance
of biotite. The matrix of the diamictite is composed of biotite that encloses very small grains of
guartz with lesser albite, apatite, muscovite, chlorite, arateaBiotite replaces albite,

muscovite, and chlorite (DDH KEDDO0O089, 46.3m).
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The greenish color of the diamictites is caused by abundant chlorite in the diamictite
matrix (Figure 5.6a). This chlorite replaces both muscovite and biotite (Figure 5.8hgc).
chlorite forms small to moderate sized2® 0+ e m) anhedral grains. It
preferred orientation. The chloriteineralized rocks are distinguished by aftant finegrained
guartz in the diamictite matrix (Figure 5.6d, €his quartz lacks the obvious detrital shapes seen
in samples lacking abundant chlorite. The textures suggest that this quartz precipitated during
chlorite formation. Chlorite also formislatively thick rims (1002 00 e m) on t he mar g

clasts in the diamictites. Some of this clasting chlorite replaces biotite.
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Figure5.5 Muscovitemineralizedzones in the Grand Conglomérat unit diamic(i#d. Plane
polarized photomicrograpinom muscovitemineralizeddiamictite showing well developeahd
elongate muscovite laths and pervasive-finreined white mica that overprints the detrital
mineralogy. Minor biotite and chlorite are present. Disseminated grains of bornite are relatively
common (DDH KEDDO0064, 79.5m(B) Cross polarized photomicrographthemuscovite
mineralizeddiamictite in(A) (DDH KEDDO0064, 79.5m). (C) QEMSCAN® image at 15 micron
resolution of muscovitenineralizeddiamictite. The diamictite contains clasts of vein quartz,
schist, and altered mafic rocks in a figeined matrix dominated by muscovite and quartz. The
clasts range from rounded to angular in shape. A clast consisting of chlorite, biotite, albite,
apatite, and quartz is probably altered mafic igneous material. The matrix of the diamictite is
dominated by muscovite that contains intergrown or replacive biotite that is itself locally
replaced by chlorite. The matrix contains potassium feldspar prinadoihg the contact between
guartz grains and muscovite and as several small clots preserved within muscovite. The texture
suggests muscovite has replaced potassium feldspar. This sample contains an irregular aggregate
of chalcopyrite with minor pyrite thas rimmed by quartz and ankerite. Ankerite is common in

the lower portion of the image as irregular grains apparently intergrown with muscovite. The
location ofimage (D) is outlined in blac)DDH KEDDO0008, 107m). (D) QEMSCAN® image
showing an enlargemenf the diamictite matrix in image (C) at a 2 micron resolution. The

matrix consists of muscovite with lesser quartz, biotite, and potassium feldspar. Potassium
feldspar is best preserved within or immediately adjacent to quartz grains. Biottemaly
replaced by muscovite. The textures in this sample are interpratetidate thatlay in the

matrix of the diamictite was originally replaced by potassium feldspar and biotite, both of which
were later replaced by muscovite; chlorite appears l&ierelare patches of anhedral ankerite
scattered through the matrix (DDH KEDDOOOS8, 107m).
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Chlorite is both intergrown with and mantles apatite grains and grain aggregates. Chlorite
also overgrows ankerite that occurs as smal52ZD ¢ m) @ystalsetiiraughbut the matrix.
Coppersulfide minerals are most commonly intergrown with chlorite suggesting it is temporally

related to the dominant period of sulfide mineralization (Figure 5.7).
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