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P544 — Proterozoic Sediment-hosted Copper Deposits

Progress Meeting

10 December 2002, CODES, University of Tasmania

This meeting repeats of presentations made at Colorado School of Mines, 1 November 2002,

with addenda from Wallace Mackay and Mawson Croaker
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L Project Aims

“to compare and contrast Proterozoic sediment-hosted
copper deposits in Australia and Zambia”

~ Study Areas: Zambian Copperbelt, South Australian

Neoproterozoic sequences, Paterson Orogen in WA

- formal Research Collaboration CODES, CSM (AMIRA & ARC
funding - SPIRT/Linkage Scheme)

— complementary UWA CGM geochronology (separate ARC

Discovery grant funding)

Hovember 2002 Ppi0l.megeldrick
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Personnel

David Selley, Peter McGoldrick, Stuart Bull, Rob Scott,
David Cooke, Ross Large, Wallace Mackay, Nicky

Pollington, Mawson Croaker
Murray Hitzman, David Broughton

(Galvin Dawson, Neal McNaughton)

r:Iu-'ucrnhl:r 2i:ll:l.2 pptl1.megoldrick

Timing & progress to date &

July 2000 to December 2000 start-up with AMIRA funding only
First progress meeting and report in Perth, December 2000
2001 first full year at full funding (ARC & AMIRA)

Second progress meeting and field trip in Zambia, June 2001

Major progress report dated December 2001 covering CODES work

for 2001 was circulated to sponsors in March 2002

Third progress meeting and field trip was held in South Australia in
May 2002

AMIRA P544 ) November 2002 pptl1.megoldrick
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o Timing & progress to date (con) &

CSM did not attend May meeting , but two reports from David
Broughton were presented on his behalf by Rob Scott, and

circulated to sponsors in July

Field guide and Powerpoint presentations from the May meeting

circulated to sponsors in August

Fourth progress meeting in Golden, November 2002
2002 Annual Report due January 2003

Final sponsors meeting in Hobart in ? August 2003

NE: All reports and Powerpaint presentations are available from secure AMIRA web site

ANIRA P54 November 2002 ppil 1. megoldrick

D PhDs

David Broughton (CSM) commenced August 2000:
Regional stratigraphic architecture of the Katangan sequences, ZCB
= Wallace Mackay (CODES) commenced February 2001:

Sedimentology, structure and geochemistry of the Callanna Group,

north Flinders Ranges, SA

= Nicky Pollington (CODES) commenced June 2001:
Sedimentology and geochemistry of the Konkola North deposit
* Mawson Croaker PhD (CODES) commenced August 2001

Aspects of the geology of the Nkana ore system

Nn.\rcml.:ae.r ﬂﬂl.'.l'.'!_ pptd1.mcgoldrick
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South Australia

Focus on two key stratigraphic associations:

+ Umberatana Group hosted Cu mineralisation e.g., Stuart
Shelf deposits and widespread minor Cu elsewhere in
the AFB

* Callanna Group (Curdimurka Subgroup) basal level of
the AFB sequence and tectonostratigraphic equivalent

of Roan sequences

November 2002 ppidl.megaldrick

Paterson Orogen/ Yeneena Basin

Aims

e use potential field and EM data sets to
develop a better structural/stratigraphic
framework

» place recent deposit-related PhD studies into
this context

Novembar 2002 pptll.mcgoldrick
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Zambia

i Copperbelt stratigraphy/ Copperbelt deformation history
E basin architecture = structural history of Katangan
- I'E!EHDI'IH] - Kafue Anticline cf Muva & Lufubu .
- - I ; * thrust at top of Mwashia
*Chambishi Basin
-basement topography
- -{growth faults)
-ore siting
] Katangan chemistry, isotopes &
” mineralogy
- Orebody geometry/geology
Mk * orebody specific studies
LB Fi 4 ] . ]
— i = stratigraphic studies
) * Konkala Morth « alteration
. * Chambishi basin deposits *fluid sources, fluid chemistry
—] » arenite-hosted deposils
- . h November 202 pptll.megoldrick
-
-

~ DN Sponsors Meeting Golden &
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N * |ntroduction

= * Zambian geochemistry
-~ = Zambian geochronology

* (Callanna Gp PhD; Patterson review)

]

B = Chambishi basin deposits

: = ZCB regional stratigraphy

£

- = Heview & synthesis
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Principle Areas of Study

o Aims of P544

To understand the processes responsible for
transporting, concentrating and fixing Cu and other

ore constituents during sedimentary basin evolution

To document the various stages and paragenesis of

copper deposition and remobilisation during basin
evolution

To develop a range of geological, geochemical and
isotopic vectors that point toward ore, both on a
district and a deposit scale

AMIFA P544 Navember 2002 npl0t.megoldrick
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Aims of P544 (con)

To determine what is different about the setting and
geological evolution of the African Copperbelt,
compared to Australian Proterozoic sedimentary
basins, that may explain the difference in Cu (and Co)
endowment in these areas

To apply research results from both Africa and
Australia to produce better empirical exploration

models for Proterozoic sediment-hosted Cu deposits

Movember 2002 ppidl.megaldiick

Some Key Questions

e is there a spectrum of deposits related to basin
history from early stratabound Cu (cpy-cc) formed
during diagenesis (up to the earliest stages of basin
inversion?), to late structurally controlled Cu (cpy
only) formed during metamorphism — deformation

+ are the different types of deposits geochemically
distinct, and can their geochemical and isotopic
signatures be used to design vectors to hidden
deposits?

» what are the chemical and thermal characteristics
of ore fluids related to each type of Cu deposit?

AMIRA PB4 November 2002 pRt0l.megoldrick
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Some Key Questions (con) &

« what are the regional and local factors that control
deposit size and ore grade?

= can a basin host one style of deposit and not the
others, and what are the conditions for this?

« at the basin scale, is there any metal zoning (Cu,Co,
Ag, Au, Pb, Zn)?

« how do the sites favourable for Cu mineralisation
change in terms of structural style and/or
stratigraphic position and/or redox state, during
basin evolution?

AMIAA P544 November 2002 ppt01.mecgoldrick

o Key findings: this meeting

Argillite-hosted deposits:

= Cu, Co, Ag, Bi and Au (?Mo) are ‘ore-association’ elements

= As, Sh, Ni, Pb, Tl and Zn are at levels < or = ‘average shales’

» U possibly forms a broad halo

= only Co is present at anomalous levels in both unmineralised and
barren-gap samples

* Cu, Co. U, Au (?and Bi & Mo) are an 'oxidised’ fluid signature

* jow organic C in some deposits (e.g., Konkola)

= variable Au tenor

AMIRA P544 November 2002 pptll.megoldrick
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2 Key findings: this meeting (con) r

Konkola North:

= many ‘Ore Shale’ samples are oxidised, i.e, high-Cu but low-S
(7supergens)

= Cu, Co, Bi, U, Mo, Ag and Au remain high in oxidised samples

* secondary Mn oxides and phosphates host Cu and trace elements
in some oxidised samples

AMIAA P44 Movember 2002 pptdt. megoldrick

L Key findings: this meeting (con) &

Roan Chemostratigraphy:
* Upper Roan siliciclastics are K,O-rich & K,0/Al0, increases
systematically toward ore in h/w rocks (vector?)

* (may be) a slight increase of Co & Zn towards Ore Shale in DDH
RCB2

* C/O isotopes show a wide spread but both become lighter toward
the Ore Shale position

* carbonates from Nkana/Mindcla ores have the lightest C & O
isotope signature

* hence C & O isotopes may be vectors to ore

-r;-:-'.'emher 2002 pptdl.megoldrick



Y  Key findings: this meeting (con) &

Geochronolgy

= all xenotime ages (so far) are consistent with all mineralisation
being epigentic

= ages record protracted or episodic synorogenic fluid flow
between 615 Ma and 410 Ma

November 2002 ;;aﬁ-{.‘;cgmd-r-ick

D Key findings: this meeting (con) 3

Chambishi basin deposit studies:

« position of Cu mineralisation in Chambishi Basin is strongly
influenced by “footwall succession” rift architecture

» fluid flow responsible for mineralisation was directed
principally through permeable (coarse-grained) “footwall” strata
« transfer systems or fault intersections provide optimum sites
for Cu mineralisation

= change in basin configuration at Ore Shale times provides
transgressive seal to underlying basin compartments

AMIRA P54d November 20402 ppld . megoldrick
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o Key findings: this meeting (con) a

ZCB regional stratigraphy:

« the Lower Roan sequences have a recognisable coherent
stratigraphy

= master faults controlling LR sedimentation can be recognised
(at a regional scale)

« for the Upper Roan stratigraphic thicknesses are highly
variable and simple ‘layer-cake’ stratigraphy doesn't apply

« there is a structural break at the contact between the Upper
Roan and the Mwashia, and a simpler stratigraphic architecture
pertains for the Katangan above this break

Movember 2002 =|'.|pllil1.mr:;-nldr.h:k

Marinoan?

Sturtian?
- magmatic zircon

< _in 't 760 Ma
-
=" Ti0, &UO,
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{sulphides)
645+15Ma

Magmatic zircon

880Ma st
Mkushi Gneiss

e AL

i (1000} & moemeves 204916 Ma

rentaaed Gmem

A Metamorphismm
1310+25Ma

November ‘.':EI;J.Z’ pptll.megoldrick




", 5. - ] s .. ] v v » 1 ", N L % . N » ‘W ] 5 ® ' ¥ 1 | ¥ L] N » |



o

1'{

1

i

| | . 1
(i

1 3

T}

3}

L) Ly L)
S JRNNT YO §

it ul |
LI LY T T AN L

L

':'l_—]—'.‘]_—’fj——l—‘n

iR R S Er—
1.] I‘I 1§ g )

i

2.1

Geological development
and mineralisation
Yeneena Basin — Paterson
Orogen, W.A.

Robert Scott
Centre for Ore Deposit Research

COBES / CSM AMIRA PROTECT P544 — NOVEMEER MEETING, 2002

Paterson Orogen

» Paterson

Orogen:

PEferon Crogs YT e 1200 km long SE-
v IE‘Ne\apmlamzoi:;) (L. Carb.~Parmian) trending th.:j” of

' BUDALL COMPLEX  OROGEN Palaso- to

ARUNTA
L {Paloao- o M ; -
R e Neoproterozoic

- . rocks at the eastern
AMADEUS margin of the
. Plibara
3 Craton,central
: Western Australia
\/ OFFICER
BASIN

{Naoprolerozoic}

g/ <
z

| Proe ¢ 1600 Ma

- Archiaaarn




Paterson Orogen

* Paterson Orogen consists of three main

elements:
— Rudall Complex (Palaso- to Mesopratarozaic, 20151765

Ma)
— Yeneena Supergroup (Meopro
— Tarcunyah Group (Neoproterozole, <700 Ma)
As a whole, orogen is moderately to strongly
deformed, poorly exposed, and — with the
exception of several mineral deposits — poorly
studied

— as a result, age constraints and relationships
between many of the between major
lithostratigraphic units (particularly within the
Yeneena Supergroup) are poor.

Background to Study

Neoproterozoic sedimentary rocks of the Yeneena
Basin, within the Paterson Orogen, host the giant
Telfer Au-Ag deposit, stratabound copper deposits
(e.g. Nifty) and carbonate-replacement Zn-Pb
deposits (Warrabarty)

The age, setting, structural evolution and mineral
endowment of the Yeneena Basin all invite
comparisons with the Zambian Copperbelt

Apart from Geological Survey of Western Australia
1:100,000 mapping and reports and PhD, MSc and
Honours studies of major mineral deposits, the region
has received little study, and many aspects of the
geological development are not well understood.

2.2
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Aims
Provide synthesis of geological development
of Paterson Orogen based on:
— review of previous (largely deposit-based) studies
~ recent 1:100,000 mapping by Geological Survey
of Western Australia
~ interpretation of available potential field data
(magnetics, gravity, EM)
Develop model(s) for the formation and
subsequent inversion of the Yeneena Basin

Evaluate origin, timing and distribution known
mineralisation in terms of geological
development of the Yeneena Basin

Compare with Zambian Copperbelt

This Presentation

Synthesis and analysis of Paterson
Orogen geophysical data is ongoing

This report presents

— overview of the geological development of the
Paterson Orogen based on review of existing
literature, and observations by the author during a
2 week field visit in October 2001

— review of models for stratabound copper deposits
in the Yeneena basin and comparisons with the
Zambian Copperbelt

— delineation of critical problems to be addressed by
this study
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Regional Geology

Simplified geology of
the Paterson Orogen
showing location of
major mineral deposits
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Temporal Evolution of Paterson Orogen

Savery Graup
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Metal Endowment

Telfer (Au-Cu) Malu Formation, Lamil Group
— =175 1 (5.6 Moz) Au prior to closura |

t reappraisal identified resource of 19 Moz Au (based on $A
} and 740,000t Cu

Niﬁy‘ 1Cl|'I Broadhurst Formation, Throssell Group
— Total resource 148 Mt @

Warrabarty {ZI1—Pb} Broadfiirst Formation, Throssell Group
- sub-gconomic

Kii‘ﬁ}"i’e (U) Yandagooge Formation, Budall Complex
— 36,000t U0, @ 1.5-4.0 kg U 0, pertonne

Rudall Complex

The Palaeo- to Mesoproterozoic Rudall complex
broad zone of imbricate thrust sheets (younger to
east)

Major thrusts separate three main tectono-
stratigraphic elements:

— Talbot, Connaughton and Tabletop Terranes

Oldest rocks of the complex underwent two
episodes of folding, faulting and fabric
development (2000—1760 Ma Yapungku
Orogeny), prior to deposition of unconformably
overlying Yeneena Supergroup

Peak amphibolite(—granulite) facies metamorphic
conditions during D, (1790-1760 Ma)



Tectono-stratigraphic elements of the

Rudall Complex
* Talbot Terrane

— siliciclastic sedimentary rocks (paragneiss) and
granitoids (orthogneiss) metamorphosed to
intermediate-pressure amphibolite facies

* Connaughton Terrane

— mafic schist and gneiss, chert, carbonates, pelite
and BIF metamorphosed to high-pressure
amphibolite(—granulite) facies

* Tabletop Terrane (potentially exotic)

— granitoids, dolerite dykes and (?)felsic volcanic
rocks dated at ~1300 Ma

Constraints on deformation and metamorphism
in Hudall Complex

2.6
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Yeneena Supergroup

* Yeneena Basin interpreted as either pull-apart basin

formed during strike-slip faulting or a failed rift

The Yeneena Basin succession unconformably overlies
the Rudall complex and is divided into two groups:

— Throssell Group (exposed in the west and south) and
— Lamil Group (exposed in the east)

Contacts between the groups are not exposed and while
the Lamil Group is considered younger, stratigraphic
relations have not been reliably established. The
successions may be, at least in pari, temporally equivalent
(Bagas, pers. comm. 2002).

Yeneena Supergroup (Throssell Group)

* Coolbro Sandstone

— Basal unit of Throssell
Group

— Unconformably overlies
Rudall Complex

— Qtz-rich sandstone with
lesser siltstone and shale,
locally developed basal
polymict conglomerate

— Thins against basin edge
in S and SE, N- to NE-
directed palaeocurrents

Hickman & Clarke, 1324
Hickman & Bagas, 1898

2.7




Yeneena Supergroup (Throssell Group)

* Broadhurst
Formation

rmably

minor
sandstone and =

ply S-dipping dolomitic
dhurst Formation

Yeneena Supergroup (Lamil Group)

= Contact with Throssell
Group not exposed
1 unresolved,

s

rthan 1070 Ma

15

Granite \iain Dorme at Telfar, prior to
Sandstone—shale— corm cement c:!.n.'lir'urn-;__] iri the mid 1970s5.
s A Photo Newersst Mining.
carbonate succession
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Tarcunyah Group

Initial
deposition
within the

Savory Sub-
basin of the
Officer Basin
Extensive
development
along
weastern
margin of the
Paterson
QOrogen

Canning Basin (Permian)

» Permian fluvioglacial strata

(Paterson Formation) of
the Canning Basin
succession cover much of
the Paterson Orogen
Thickest sequences

dey d in N-directed
palaeovalleys

( assell
nzistent
g crustal

—T

Abariginal rock art on Permian
Alagials
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Stratabound copper deposits within
the Yeneena Basin

= Two major deposits known
— Nifty (operating mine)
— Maroochydore (140 Mt low grade resource)
= Recent PhD studies of Nifty (Anderson,1999) and
i'..ﬂqrrzrjrhydom (Reed,1996) indicate
||I3r succes sions of mwrht ddr'd

7175 Ma A2 4r apparent .15__1& for phlcrgﬂplrb associated
with chalcopyrite mineralisation at Maroochydore

Syn-deformational
mineralisation

chalcopyrite

— partial replagement of

particularly those
having undergone
bedding-parallel

shear

occurs within the
hinges nf D,__ TG!::I._.

hin sy n-D..,.F. . \
ure shadows THRD 780 W1
zavage parallel aroochydare 386-3896m
veins
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Mineralisation styles

-

et

1wosted mineralisation

A17.2m 417.7 m m 4214 m

Nifty
THRD 780 W1

. L Nifty
Mineralisation styles THRD 780 W1

late-stage
massive and
breccia matrix
chalcopyrite
mineralisation
at Nifty
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DepDSit Gumparisons
¢« Fuid inciusions

' 5 e ains at Maro "'-h'g,'dﬂr‘ﬂ and

estimated
0°C), consistent

» Sulfur isotopes
— (i) diagenetic framboidal and (ii) pre- to syn-mineral
euh ‘dral pwnm

o {Mifty)
= (Marooch.)

(c.g., Maroochydore)
(f.g., Maroochydore)

Mineralisation models

» At Maroochydore Reed (19¢
— Cu transported as arid r_".['nn'q_]lﬁ:
2neous sulfur source {diagenetic pyrite and suifate)
etic copper mineralisation
g fluid infiltration by

*:Iusﬂ to mh-ractmn I:rF-tv.-e-nn i_.u I}Parmg TIunr:J and s uulildn, .‘:’F‘d!l’l"lr:.‘ﬂt.:-

= At Nifty, Anderson (1999) argues
- homogeneous sulfur source for chalcopyrite and coeval (euhedral)
pyrite
— H.S dominant in the fluid phase not sourced from host rocks
— syn-Dy. mineralisation with fluids ascending thrusts interpreted to
intersect the hinge and north limb of the Nifty Syncline




2.13
i Mineralisation models - Nifty
= Gross geomet smi’;?',,"n?.ﬁzti‘.‘.m m?:;;z;’:,?gn ]
_— i 3 bR ; Pyrile Marker
- = [= : 2 {Pb/Zn) )
lransilional
i sullides
- Aafachils 3z - 400 m
L _ JHee e
-  of « 0 e
- - ed ¢ ction af the Nifiy are body
=E% E < g mineralogical zonations (Hooper,
- ateral rather than
verlical fluid flow
- implied.,
=
]
L Yeneena Basin vs. Copperbelt
il
pre « Although stratabound Cu mineralisation in
P both areas may be largely epigenetic (formed
e . g ~ . ' . .
during the early(?) stages of inversion in their
et respective basins), the Yeneena Basin
18 deposits appear to have only the most
T superficial similarities to those in the Zambian
e Copperbelt
— strong silica—dolomite alteration and
b predominance breccia-fill, vein and

replacement style mineralisation at Nifty
- suggests greater affinities with Mount Isa Cu
ore bodies
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Critical Questions to be addressed

* Ongoing studies of the Yeneena Basin /
Paterson Orogen will focus on a number of
key issues:

— Determining the original architecture of the
Yeneena Basin and how this influenced structural
geometry during subsequent basin inversion
(Miles Orogeny)

— Evaluate distribution, timing and character of
deposits in terms of their regional stratigraphic and
structural context. Implications for pattems of fluid
flow during basin inversion

Critical Questions

» A critical aspect to be addressed in
reconstructing the Yeneena Basin is the
relationship between the Lamil and Throssell
groups
— Does Lamil overlie Throssell?
— Correlative sequences deposited in different parts
of Yeneena Basin?
Were these groups deposited in separate terranes
juxtaposed in the Miles Orogeny across the
northern continuation of Camel-Tabletop fault
zone, i.e. the fault system separating the
easternmost and potentially exotic Connaughion
terrane from the rest of the Rudall complex (Bagas
& Smithies, 1998)
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3.1

Australia,

Introduction

 There is a paucity of copper mineralisation
within the Adelaide Fold Belt compared with

the basal packa the Adelaide Fold Belt
— Known copper miner on small and/or low-grade
« By understanding the sedimentology and
structure of the Curdimurka Subgroup
e validity of the comparison
[dentify areas for exploratic
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Stratigraphy of the Adelaide Foldbelt
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Stratigraphic Column
(madifiad from Praiss, 1987).
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complex mixture of folding and faulting

Evidence for three folding events
F,, pre-Delamerian
1erian NW — SE trends
elamerian?
Evidence for extension at initiation of
deposition of the Umberatana Group (F,?)
Cu mineralisation has a structural control
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Boorloo Siltstone; Fold Hinge
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Dunns Mine; Outcrop 1

F, not observed
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Upright non-cylindrical folds
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3.9

Conclusions

X ents have affected the Curdimurka
Subgro
I:I

layer paral

2 (Delamerian)
clinal
Trend northw - southeast

: Broad folds
Plunge to solthwe

neclusions

rring in the Curdimurka Sub

* Highest grade mineralis 1 at Dunns ¥
by an F, structure
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Kafahan Sands

Kundelungu scmmenls"l
s Kalanga

Roan sediments & eries
retaled tecionic Braceiag |

Pra-iKalingan hasement

3 Mine Road
& Major deposit - Raikway

Minor depoasit

" LOCATION PLAN of NKANA-
MINDOLA GEOCHEM SAMPLES

NORTH SHAFT

- Ore Horizon ] ‘
- Ore Horizon — NDOLA SHAFT

- Section 850N - Shale
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/ N Nkaha: West Limb

‘*\,‘ T Chirgolo
/ A g i '‘Ore Shale' equivalent from
' DDHs W30 & W43 through
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Nkana Syncline
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19 samples:
four with 0.1 to
0.6%Cu, others
<0, 1%Cu
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&

= Chemostratigraphy tested in two

Chambishi basin drill holes:
' RCBIA and RCBZ

: !."' ‘ Chambishl-Nkana
Lk :
% geochemistryd.farge
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Upper roan ACB2
Upper Aoan ACE1A

Mwasha shales

Drs ghoke Nkang, Cu=1000ppm
Qe Shivle Mknna, Cu, 1000ppm
Ora Shnle Mkana W5

Ti/Zr= 24.5 Ore Shale
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e RCB2

& RCBIA

®  Hhkana ore zone
+  NN42 Foobwall

seiimentary carbonnie

alhite alteration?
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Nkana-Mindola Deposit,
Zambia.

Mawson Croaker =
PhD Student

Arglllites, carbohaceous shale
Chambishi

Cpy-bn-py. feta—

e

-"\" "‘ Chamblshl SE

u__ ||'J \

Mwambashi & >

eSS A =

o — "‘" kana
Chibuluma

Mining depth to ~B00C ft through use of 4 shafts

clinorium Project Area alone is -
e Compies QOM 56 Cu, 0.1% Co,
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RATIONALE _
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6b.3

NKANA-MINDOLA RESULTS

*ALL samples similar compositions, *DEPLETED d13C, *Barren Zones different

T

SOB Shale

Veins SOB

Mindola

Central

S0O8 DolcFWSALT?
Sob Hangingwall
Barren Zones

BQ Qrebody

argilite Mindola
kimdola sample
Central Shefl samie
Dolomile-mica All

3
LA

Calcite-mica al

0 15
d'*o smow

WHAT DOES IT MEAN?

*No C-O trend identified to date between regional values and

|+ *¥%w» 00

S0B Shaie

Veins SOB

Mindala

SOB DokaFWSALT?
Sob Hangingwall

Barren Zones

BG Orebody

argillite Mindola

Konkoln - Swennay, 1987

Progressive deplefion frol
- FWS5 to mid Ore Shale
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FUTURE DIRECTION

Detailed petrographic descriptions and mineral chemistry of carbonate
lithalogies,

Carbon and oxygen isotopes from FWS and West Limb,Dolomite
pseudomorphs and Chambishi Dolomite carbonate beds from Mindola Pit.

Total carbon analysis (carbon species identification).

Modelling using mass balance - mixing between 2 different fluids;
mixing between fluid and rock;
fluid rock interaction; and
alteration of primary carbonate.
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7.1

The geochronology of trace phosphates
and its significance to mineralisation
events in the Zambian Copperbelt

Galvin Dawson

Aims of study

Identify and characterise post-sedimentation phosphate
minerals which can be isotopically dated
— |.a. xenotime and monazite

Determine the U-Pb age of phosphate minerals to “best

precision” using SHRIMP — (Sensitive High Resolution lon
Microprobe)

Relate phosphate age data, petrography and mineral
chemistry to the evolution of the basin

Characterise the mineralisation event(s) in the copperbelt
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Important considerations

Ceccf‘lr:}rlr:r!t}q',r presented here were obtained from 4
SHRIMP sessions
— 5itill in data collection stage of project (
Limited data collected from high-grade ore samples
SHRIMP ages are praliminary provisional results only
[ ) de lr- data
al ages y up (<10 Ma?)
Complez-.lh.r Df HHIMF‘ agF‘S Across coppeerIt
— Different ways to interpret SHRIMP data
Trace element geochemistry in early stage of collection

— Mo datais p ted here
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Regional Geochronology

-535 [Mla

1520 M3 7

-500 M

All Monazité and Xenotime
i data combined

~560 Ma

*Age of Katangan Group - 880 Ma to 765 Ma

Regional Geochronology

All Monazité and Xenatime
. data cornbined

~-560 Ma

7.3




7.4

Regional Geochronology

® monazile ‘ error bar

2 xenotme ] brzgc:eL

Mufulira Konkola Nth | Chambishi | Ndela Est

Association of trace phosphates to
mineralisation

* Things to consider...
Is there textural & e foran tion between
phosph
Is the orrelation between trace phosphate abundance and
tent?
Does this imply that the miner: eval and that dating
trace phosphates will date minaralisa

Do all copper-associated trace phosphates give one age
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7.5

evidence

Trace phosphate abundance vs copper

» Correlation between trace
phosphates and Cu?

- Abundance of zircon,
monazite and xenotime
recorded

= Strong correlation
between trace
phosphates and copper

— Except at Mufulira

Ndola East

HCopper

Ml

213 G3 J4TT 2LI0 1 4551 36E| A01E 414 LI5) 4381 18§ LIGE A4TH

Kenkola North

|0 No of monazite| —

KHEs KM14064 KH14058 KHides KR 1487
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Trace phosphate abundance vs copper

Both xenotime and monazite together don't always correlate
with copper
One particular generation of either trace phosphate (or both)
may be introduced with copper in the same fluid
Rocks were permeable during the time ~615 Ma to ~475 Ma
At Mufulira, the fluids that deposited copper may have only
contained minor trace phosphates

- Other non-mineralising fluids were richer in trace phosphates?

— |s this a sampling bias?
Mufulira can still be dated

Regional Geochronology

'~535 Ma . :
: ~520 Matp All !\é’lonazit(s and Xz:énotirnei
B i ' data combinqd

-560 Ma

' 615 Ma

e ¥}
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7.7

Event Age (Ma) Sample location Cu mineral in assoc.

Mutulira opy

500 Ma < Mufulira

Kansanshi

Mufullra

5R54(-4 fufulira
535414 Mutulira
5384-12 WMufulira BN

560+-11 Mufulira bn

"He-0s and U-Pb ages taken from Hitzman et al. (2000]

Preliminary Conclusions

Multiple hydrothermal events are clearly evident in the basin
— ~615 Ma, -560 Ma, ~535 Ma, ) Ma and -475 Ma
Textural association of trace phosphates and copper
- Mot definitive for a coeval relationship
Correlation between trace phosphate abundance and copper
— Except at Mufulira
Some trace phosphates and copper were introduced
synchronously in the same fluids
Mineralisation is epigenetic and can be dated
Are there multiple mineralization events...? in different parts
of the copperbelt...?
— at ~560 Ma, ~535 Ma and -500 Ma?
The ~500 Ma hydrothermal event may have been
responsible for the most significant deposition of copper

Possibly deposition/remobilisation of copper during each
event? :
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Further Work

Further SHRIMP work...

Examine more ‘ore related’ samples to distinguish
mineralising from non-mineralising events

Integrate trace element geochemistry with SHRIMP
geochronology

Identify the relevance and significance of each hydrothermal
event
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B.1

CHAMBISHI BASIN

progress report

(includes work from east of Kafue Anticline)

David Selley, Rob Scott,
Stuart Bull, Mawson Croaker

AMIRA P544

Basin Architecture Q

+ Basin growth during Lower Roan sedimentation
- architecture of the mineralised package
- fault systematics

+ Relationship of basin geometry to mineralisation
- association of mineralisation with basement highs
- association of mineralisation with basin re-configuration
- implications of basin geometry for size and shape of fluid cells

Expression of syn-rift architecture in Lufilian geometry

- can variation in style and geometry of Lufilian folds aid in defining
syn-rift structures?

AMIRA P544
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Chambishi Basin

Widespread,
high density
drilling

- 3-D control

Chambishi

"1\ Chambishi SE
J Sy . _'.':.'-:.
g - t ;

“\“i'"g-u -y Nkana
Chibuluma

Mwambashi &

Distinet fold

domains

AMIRA P544

hi‘_qh -’J!Er'ISiT}'
drilling
- 3-D control

Diversity of
hosts

Pronounced
thickness &
facies variation

in LR

Distinct fold

domains

AMIRA P544
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Chambishi Basin

Widespre nd

dr II|r|_4
- 3-D control

+  Diversity of

hosts

L F'r onounced

facies J!’IJTIFH

in LR

+  Distinct fold
domains

AMIRA P544

_ Ha ngmﬂuall 55' .

Chibuluma West (Strat) r\‘i

Orebody Qtzite .

Footwall Qtzite

- Fooiwall
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basins:

- M thickening
ramp to MNE
pinch outs onto
WINW-
trending
basement
highs in
central zone

pinch out onto
MNNW-trending
basement
ridge to W

AMIRA P544

foults propagate
to surface in
western partion,
leading to
compartmentalised
basin system

rban trap
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Sulfide-"Heavy Mineral®
Associafi

entrate
within he avy miner al
bands
Th-bearing phases
appear elevated
Causes:
- zones of mechanical
weakness
reduced conditions
during alteration of
Fe-bearing phases
- polymerization of
hydrocarbens
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Sulfide-"Heavy Mineral”
Association

Intimate grain-
scale textural
relationships
between Th-
bearing phases
and Cu-Fe
sulfides

AMIRA P544

CO0Es =T

Footwall - hosted
mineralisation

8.AMt @
2.63%Cu, 0.08Co

(1997)

pronounced
facies variation

ore shale + LR
"hangingwall"

present
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Mwambashi B

Chambishi*
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8.7

Pronounced lateral facies variation
throughout entire Lower Roan

Extreme thickness variation throughout
Lower Siliciclastic Package ("footwall
sequence”)

+ subtle thickness variation in OSH-

"hangingwall siliciclastic" sequence

fundamental basin re-configuration at
level of OSH

Stratigraphy and facies types E:}

il

AMIRA P544

Pronounced lateral facies variation
throughout entire Lower Roan

Extreme thickness variation throughout
Lower Siliciclastic Package ("footwall
sequence")

subtle thickness variation in OSH-
"hangingwall siliciclastic” sequence

fundamental basin re-configuration at
level of OSH
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[Eeer]

+ broad 2-fald stratigraphic subdivision
- basal alluvial-fluvial sequence

sedimentation in
regions u'F limited accommaodation space

* basement (granite) derived provenance
persists throughout package
- local source areas remain unchanged

Inner‘ mid fun / Tluvial fucies association

-'_"'a'-'l.' -
“t“W’lTﬂpuL

Rt o Fa+
" intrey W ”m angular granitic
mwlm fragments

' . mﬂ matrix poor
gy '1*“
;:‘L_ patchy feldspathic alt

—— e T

X mmm
el Hﬁﬂ—-—m-wﬁw

=t
rwiimn ommrn e 1 Jeoe
1Tr ﬂTITn d heavy mineral I:. aring sub-arkose
intercalated sandy debris flows
typically feldspar-calcite altered, locally pitted
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iefaction textures throughout

ore horizion - pa
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MenTa

limited feldspathic alteration

up section
"“FW Congl.”

spathic compo
es to intrabasinal source

flooding of older granitic source areas

AMIRA P544

at clean sandstone



8.10

Y
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& stramn rl_l

alteration -

L) w n sfw % - rﬂ{"
Hangingwall” siliciclastics {3

BRE
1§

ural and
sitional
similarities with lower
fluvio-deltaic sequence

2d dolomitic
znt implies
[ =nt subagueous
(?marine) conditions

increased strain and
alteration compared fo
Lower Siliciclastic
Package
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Base of breccia equivalent to typical “ore shale”
- Abrupt change in clast compoesition from "FW"
« intense carbonate-?albite-talc-scapolite alteration

* aopparent relict infernal sedimentary structure

intercalations of

monomictic
breccia

AMIRA P544
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?Upper Roan dolomitic and chloritic shales

texftures and structure

partitioning of intense alteration to discre

narrow cross-cutting domains
Mon-sedimentary arigin

rounded clast marphology not indicative of

sedimentary origin

partitioning of alteration within breccia

monomictic breccias difficult to explain in

terms of sedimentary origin

brecciation persists into ?Upper Roan
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ent antithetic association of feldspar alt, intensity and Cu

Alteration at periphery of ore

'Ore Horizon'

barren ore
horizen" at limits
of ore body

s intensely

ol ]

lateral fluid flow
through
permeable media
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Basin Architecture

Lower Siliciclastic

; thickness and facie
Package isopachs

variation provides detail of
basin geometry

complex array of E-W to
MNMNW trending fault
segments
compartmentalised half
graben system with blocks
down-thrown to the N
principal half grabens are
linked by a NW trending
convergent transfer array

generation of a restricted,

Basin Architecture

Lower Siliciclastic
Package isopachs

Highly restricted
depocentre

thin siliciclastic package
capped by "dolomitic OSH
facies”

AMIRA P544
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Basin Architecture

Lower Siliciclastic
Package isopachs

B

wedge-shaped depression

talus breccia within immediate
footwall of half graben
intercalated sandy debris flows
and clean well-strat sandstone
no thickness variation in OSH

(I kT

Basin Architecture

Lower Siliciclastic
Package isopachs

B

AMIRA P544

inner fan facies cenfined to
head of transfer array
debris shed from adjacent
elevated basement block
deposition of argillaceous
facies within main depocentre

(E M M F F

3 3
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Basin Architecture

Lower Siliciclastic
Package isopachs

Breccia units largely restricted
to footwall of main growth
fault

250m

| EEE—
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Basin Architecture r

8
(=B

Conglomerate
=

Argillaceous

250m

R
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Distribution of Mineralisation ij

Average TCu
distribution of Cu
mineralisation strongly
influenced by basin geometry

highest grades occur within
transfer zone
C dstone-dominated
facies wedge out below O5SH
seql

eptimum hydrecarbon Trap

‘deepest’ part of transfer zone
(conglomerate dominated) is
low grade

Distribution of Mineralisation m

Metre Cu
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"Ore Shale
Master Fauit”

BN42

permeable host medium
upper seal
basin architecture to direct fluid flow

Mm BIOM  G20m  TZgm  T40Qm

SW 1/2 - graben

"Ore Shale
Master Faul”

basin geometry and facies distribution provide
optimum conditions for HC trap

fluid flow as recorded by feldspathic alteration
2dgm  61gm  62m  12gm  MOgm  1gm

|
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Or
ha
mineralisation

are is situated at
fringes of
"biohermal
facies"

additional spatial
ciation of
e with footwall
pinch outs
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Mwambashi &

Chambishi SE

Chambish‘i'

g

8.20

< *  Chambishi SE

T

- “_. :

= .é.;; 3

Nkana
Chibuluma \C

Chambishi SE

Lower Siliciclastic
Package isopachs

preliminary work
indicates basin
evolution during
"footwall deposition”
was controlled by
WNW to NNW
trending growth faults
broadly SW dipping
ramp with interference
of NNW trending
troughs

local significant
modification during
folding
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Cu Distribution EE

Lower Siliciclastic + broad barren gap over
~ Parkags fopads intrabasinal high

" 'r'| i.E' h g r‘['_|||:_|h1_ |_‘_||:rr|,:_-“n:_:; Coi rlr-
with fault

periphery of the e
black

footwall geometry may also

geometric
association with
syn-rift strc

Lufilian fold
patterns to the
level of the
Mwashia can be
used as an
effective targeting
tool
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Key Findings &

- Position of Cu mineralisation in Chambishi
Basin is strongly influenced by rift
architecture coeval with deposition of the
"footwall succession” (FW ore bodies at least)

Fluid flow responsible for mineralisation was
directed principally Through permeable
(coarse-grained) "footwall” strata

- lack of reductant in "hangingwall succession"?

- lack of focussing mechanism?

AMIRA P544

Key Findings

» transfer systems or fault intersections
provide optimum sites for Cu mineralisation

- sites of subdued accommodation development and
complex fault geometry: 3-D FW "pinch outs"

- sites of sediment input: coarse-grained permeable
strata

- physical hydrocarbon traps
- focus sites for hydrothermal fluids

» change in basin configuration at Ore Shale
times provides transgressive seal to
underlying basin compartments

AMIRA P544
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9.1

Nkana-Mindola Deposit,
Zambia.

rij a i I 4 ] ri 1 !
sESf) ARCAEFES LSS pRtsrans LAOCE]S

g _

[ B
F LS
Mawson Croaker 7':3 1%

PhD Student e

RATIONALE

Basin architecture provides a framework fo understand
- Deformation, Distribution of Cu-Co and sulphide phases,
Geochemical halos and alteration and metasomatic processes.

Ultimately identification of key processes involved in formation of

giant 'Shale’ hosted sedimentary copper deposits - GENETIC MODEL
ie. Diagenetic, synorogenic, late hydrothermal or combination of
these mechanisms.
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BASIN ARCHITECTURE

YES (A work in progress)

Mkana-Mindela is a jigsaw puzzle, with missing pieces

Sedimentolog)
Structure

cisting mine data
Previous work

Limitations do exist -

-4.f .’h mdﬂla and Mindela MNerth p'wr r:n:m?r-:l from date available on depth to

whl'.'ewa_,h ed

NKANA - MINDOLA

iana-iviinaoia Lu-Lo

'‘Ore Shale’ and upper MCF
One orebody in Basal Quartzite member

One of the largest Cu producers
on the Copperbelt

Orebodies cpy-bn-py. - vertical and lateral
general zonation,

Chver 33 km strike length 'Ore Shale’
~ 16 kmas < 1 C

Economic mineralisation only along eastern
limt,

‘Ore ::hﬂh_. along the ;"l.-"E'.." Limb is
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FOOTWALL - Mindola Clastic Formation

! May 2C d ping
better unde nding and
controls on relat nshlp of
basement to Lower Roan
deposition,

MCEF - Alluvial-fl o deltaic

ificant thickness variations
Mindela Clastic Farmation- |
twall Sequence’,

with defining 'basin
margins.

Mo accurate orientation of
original basin structures

ORE SHALE - Kitwe Formation

MNOATH SHAFT

3
=

=

=

| .

K

{0 LT

-—
pEE

Iy relative small thickness - MENDOL & SHART

of 'Ore Shale' and
Hangingwall sequence
(1]
ontinuous fine grained ©

or nerthern and southern facies varations,
25 changes in
wer 'Ore Shale’ coincide with pinch outs

and thinning of footwall,

Fa riations in the hangingwall seque

appear 1

data

Complex depostional environmen
Fluvial-deltaic, Shallow marine,
nates, limited evaporites.
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y very useful for areas
tential early basin margins.

changes in NW bosement
or

- Upper Roan

- Kitwe Formation A

| Mindolo Closfic For%c&m‘

gt [l Basernent Comple}(

Fold geometries influenced by basement.

g

BASIN EVOLUTION

Facies, facies variations and thickness changes indicate two major basin
generation phases for the Lower Roan.

recognised by Selley at Chibuluma, Chambishi and
Basin initiation - depesition of Mindola Clastic Formation.

Small, compartmentalised half-graben? basins, approximate widths in
order of 2-3 km.

Basin Reconfiguration - deposition of Kitwe Formation
Lar‘ger', more extensive basin, fine gmmed SEqUENnCcEe.

Mo proximal facies typical of active fault controlled basin margins.
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9.5

WHERE TO NEXT with BASIN ARCHITECTURE
Ascertain 3D geometry of small basins - if pessible.
Refine sedimentology of the upper Kitwe Formation.

Understanding possible lithological variations of footwall for West
Limb.

Compile structural domains.

Understand distribution and trends in Cu-Co - basin structure vs
Lufilian inversion.

Mkana Synclinorium Project at SOB focus of detailed work to provide
accurate relationships to deformation, mineralisation and alteration.

Do other footwall orebodies exist at NKM? If not, why not?

g ————— ———————
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10.1

Stratigraphy, Regional Alteration
and Mineralization Patterns of
the Zambian Copperbelt

David Broughton

Colorado School of Mines

AMIRA P544 November 2002

AMIRA P544 November 2002




10.2

s [mportant Points

-Punctuated tectonic events during basin evolution
-Zambian and DRC orebodies appear spatially
coincident with first- (NW) and lower order (eg,
NE) basin-controlling faults
-major extension occurred during Lower Roan and
upper Mwashia/Grand Conglomerate time
-progression from first-cycle clastics to platform
carbonates and sabkhas to deeper water siltstones-
mudstones

AMIRA P544 November 2002

Important Points

-early brine movement throughout L. Roan
-complex breccias: salt dissolution/collapse,
associated with major faults = fluid pathways
-glaciation (Grand Cgl), associated extension

caused destabilizing sea level drop
-alteration and mineralization present throughout
sequence — regional zoning?
-major Lufilian deposits formed in L. Roan, U.
Roan and Mwashia

AMIRA P544 November 2002
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L. Roan,
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@ Bedding-plane salt crusts, Mindola Pit
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Drill hnlea East section
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L. Roan, E. Copperbelt
(Lefebvre, 1989)
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L. Roan, E. Copperbelt
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MUFLLIRA
KITOODCCOT [

Lower Roan hung on
Mudseam
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ey L. Roan Mineralization,
“ | ; E. Copperbelt

KITapDoot

Sabkha textures, Upper Roan

-ﬂd;?

'!- ., o . . g

4 + Enteralithic

RA SR 1

‘! ; “chicken wire"
1

texture, anhydrite-

dolomite-pyrite
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Upper Roan Breccias,
E. Copperbelt
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Dolomite clast in breccia €
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Crackle bx —mosaic bx -
conglomeratic bx transition

AMIRA P544 November 2002

TN 2
Brecciated clast in breccia &2l
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Plagioclase- Dulmnm Biotite Matrix in r“

AMIRA P544 November 2002

AMIRA P544 November 2002
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Congolese "Mines Group”

e Amineralization in [__..'p rer Roan, Mufulira
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ot Summary — Lower Roan

-footwall: controlled by NE to NW faults
-post - ore shale/mudseam time = change to
more argillaceous & carbonate sediments,
punctuated coarse clastic input (sheet sands)
-feldspar (dolomite) alteration, hematite
-orebodies develop in basement and footwall
arkoses/conglomerates (Lubembe), arenaceous
sands (Chib), “ore shales™, hangingwall traps,
and the regionally altered sandstones (TFQ)

AMIRA P544 November 2002

Summary — Upper Roan

-extreme thickness and facies changes
near/within breccia complexes, elsewhere
laterally continuous
-dolomite-feldspar-anhydrite-scapolite-(pyrite)
-breccias are spatially associated with major
faults, contain brecciated clasts, intrabasinal
provenance, unusually altered versus other
conglomeratic rocks

-DRC — type mineralization in algal dolomites

AMIRA P544 November 2002
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Summary - Mwashia
-deeper water sedimentation, sandstone
l'EClJT.'d!"\ tectonic event
-gabbros and volcanics (W. Zambia) at end
Mwashia time = renewed extension
-Mwashia rocks commonly transposed,
possible large scale repetition
-dolomite/calcite (feldspar) alteration, local
vein mineralization, transition from pyrite to
pyrrhotite at top

AMIBA P544 November 2002

Continued Work

-refine sequence stratigraphic correlations,
especially in Konkola-Congo-Mufulira area
-U-Pb dating of gabbros (UR and footwall)
-large scale structural and alteration patterns
-petrographic/isotopic/geochemical study of
breccias, alteration
-Re-Os dating of sulfides to constrain timing
of alteration-mineralization

AMIRA P544 November 2002
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Murray W. Hitzman

Colorado School of Mines

AMIRA P544 November 2002

Sedimentary architecture / structure
Alteration and lithogeochemistry
Mineralization

A Genetic Model for the Zambia
Copperbelt

Implications of the Model

Remaining problems and future work to
solve them.

AMIRA P544 November 2002

Synthesis



Sedimentary Architecture
and Structure

AMIRA P544 November 2002

* Sedimentary architecture of the Lower Roan
indicates it was deposited in an extensional (rift)
environment.

Basal sediments are arkosic conglomerates and
sandstones derived from granitic basement in a
fan-delta environment.

“Ore shale” represents a starved basin and
occurs at a major change in basin configuration.

AMIRA P544 November 2002
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Nchanga sycline, east side Chambishi basin) and
third-order faults (Chambishi, Lusombe) are

recognized.
—a
= These faults controlled Lower Roan
sedimentation; the first order faults appear to
* have continued to have controlled some aspects of
- sedimentation up into the lower Kundelungu.
. AMIRA P544 November 2002
R
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=a
S
=

* The Upper Roan is a mixed carbonate-siliciclastic
* sequence with punctuated extensional tectonic
phases recognized by coarse siliciclastic layers.

AMIRA P544 NMovember 2002
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Synthesis

* The Upper Roan contains abundant breccias making
tracing of stratigraphy throughout the Upper Roan
extremely difficult.

Origins of the breccias are diverse and probably include:
— Sedimentary
— Bissolution [ collapse
Intrusive-related
Tectonic
— Combinations of events
Upper Roan breccias (combined with alteration of Upper
and Lower Roan sediments) probably indicate significant
thicknesses of halite-bearing evaporites were once present
in the Upper Roan.

AMIRA P544 November 2002

* The Roan - Mwashia sequence is relatively thin (1-2 kmj} in
the Copperbelt; evaporites could have increased section to
Fkm.

The Mwashia grades upward from a carbonate-rich base to
dominantly siltstones. It apparently served as a regional
*seal."

The Grand Conglomerate serves as a regional marker unit.
It appears to consist of both glacial diamictites and turbidites
{indicating tectonically active basin conditions?).

AMIRA P544 November 2002
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Synthesis

* (abbro intrusions are concentrated in the Upper
Roan section but are recognized from the
basement to the Grand Conglomerate. Dating
elsewhere in northern Zambia suggests ages of
765-740 Ma.

Gabbro intrusions appear to cluster adjacent to
first-order faults; therefore magnetics may aid in
locating these faults (e.g. Chambishi basin).

AMIRA P544 November 2002

» Zambian Copperbelt does NOT occupy a
major basin.

AMIRA P544 November 2002
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Alteration and Mineralization

AMIRA P544 November 2002

Alteration is recognized in the Katangan
sequence from at least the basal portion of the
Mwashia down into the basement.

Both potassic and sodic styles of alteration are
observed.

AMIRA P544 November 2002
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- Potassic alteration produces fine-grained potassium
feldspar (commaonly confused with albite during logging)
and provides the potassium for later (?) biotitization.
Potassic alteration appears to be concentrated in
siliciclastic lithologies which were probably more porous
and permeabhle.

Sodic alteration produces albite and scapolite. It is well
developed in the Upper Roan and locally in clean sands,
near the base of the section. Sodic alteration is also present
adjacent to gabbro bodies and in some carbonate units
(scapolitized).

It appears that potassic alteration generally predatés sodic
alteration,

AMIRA P544 November 2002

« Zambian Copperbelt mineralization is
- fundamentally controlled by oxidation change.

AMIRA P544 November 2002

- Synthesis



Synthesis

= The location of footwall orebodies is controlled by the

sedimentary architecture related to third order faults and
the presence of sedimentary *seals.”

Ore shale orebodies are controlled by the presence of
carbonaceous (relatively reducing) lithologies and adjacent
(generally stratigraphically below) permeable lithologies.

Arenaceous (and probably footwall) orebodies controlled
by the former presence of hydrocarbons (natural gas and
petroleum) which seérved as reducants. These reducants
were in physical traps.

AMIRA P544 November 2002

Impermeable

* The location of footwall orebodies is controlled by the
sedimentary architecture related to third order faults
and the presence of sedimentary “seals.”

AMIRA P544 November 2002
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Synthesis

Impermeable seal
L‘“—-‘-—— - . e

Permeable siliciclastic sediments

* Ore shale orebodies are controlled by the presence of
carbonaceous {relatively reducing lithologies and
adjacent (generally stratigraphically below) permeable
lithologies,

AMIRA P544 November 2002

Arenaceous (and probably footwall) orehodies eontrolled by the former
presence of hydrocarbons (natural gas and petroleam) which served as
reducants. These reducants were in physical fraps,

AMIRA P544 November 2002




Synthesis

11.10

Genetic Model for the Zambian
Copperbelt

AMIRA P544 November 2002

Coaling below blocking T for Ar in muscovite

AMIRA P544 November 2002
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11.11

* [Extensional environment (post 870 Ma) leads to
complex Muvialfalluvial hasal section (lower Roan)
dominated by basement derived arkose.

AMIRA P544 November 2002

* Coarse hasal siliciclastics covered by mixed sequence of
siltstones, rare shales (**Ore Shale'), and carbonates.

AMIRA P544 November 2002
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11.12

* Covering of basement topography leads to more mature,
layer-cake sedimentary geometry with mixed marine (7)
siliciclastic-carbonate facies overlain by sabhka carbonate
Facies.

Punctuated extensional events provide coarse siliciclastic
input.

AMIRA P544 November 2002

* Probable restriction of basin leads to evaporite
{gvpsum + halite) precipitation.

AMIRA P544 MNovember 2002
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Synthesis

Mwashia consists of basal carbonate-rich sec
grading up Lo siltstones,

MIRA P544 November 2002

Extensional event probably
hvidroe e

{glacial N, evaporite mosyement and dissolution, and brine
Firrmation,

AMIRA P544 November 2002
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Synthesis

11.14

* Ralt tectonics continue during earliest Lufilian deformation
(probably around 650 Ma).
« Continued brine formation and movement downward.

* Breccia formation (collapse and tectonic) in Upper Roan section.

AMIRA P544 MNovember 2002

«  Confinued compression with salt movement and dissolution.

*  Brines continue to sink into Upper and Lower Roan sequence,

tinn occurring during this time - caction of oxidized, metal-
ich brines with local oxidation traps (carbonacesus
sediments and gas/oil accumulations).

| AMIRA P544 November 2002
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Synthesis

11.15

7

Sl
i

Continued defornetion results in upright tight folding in Lower Roan
segueny on carly Ganlis.
Structural decoupling near base of Mwashia,

Deformation in npper sequence lacgey recumbent folds and bw-angle
{(thrust) Gaulis,

Deformution provides energy for renewed brine movemoent and escape in

November 2002

1 Lower Roan sections highly d from brines (“pickled™)

| pattern of upper sodic alteration and lower potassic alteration
with hematite.

AMIRA P544 November 2002



11.16

Implications of the Model

AMIRA P544 November 2002

Whole basin hydrothermal system.
Dominant fluid flow pattern is downward.

Downward flow probably concentrated along
first-order original basin-bounding faults; would
probably alter gabbros.

Flow within sedimentary sequence is lateral and
controlled by porous and permeable units
(coarser siliciclastics).

AMIRA P544 November 2002
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11.17
&

Basin-scale alteration pattern.

Dominant alteration zones are potassic and sodic
- appears that sodic best developed at higher level
and potassic in more basal position.

May not be deposit-specific alteration patterns.

AMIRA P544 November 2002

7Y

« Delineation of reduced zones within the
basin is critical.

» Any type of reduced zone may be favorable

Carbonaceous sediments

— Physical gas or petroleum trap

AMIRA P544 November 2002
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11.18

* Multiple deposit types may be present at multiple
stratigraphic horizons:

Lambian Copperbelt type
Congo Copperbelt type
- Kipushi type

- Kansanshi type

AMIRA P544 November 2002

« Zambian Copperbelt —

Ore deposits in carbonaceous sedimentary layers
and physical gas/oil traps in Lower Roan.

AMIRA P544 November 2002
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November 2002

November 2002



Synthesis

11.20

* Northern Zambia/ Southern Co
Tectonically-induced fluid escapeways into the reduced

Mwashia. (e.g. Kansanshi, Shinkolobwe)

AMIRA P544 November 2002

* Global exploration for Copperbelt-type systems
should focus on:

— Basins which contained salt.

Basins where salt underwent dissolution to
form brine which caused large-scale, intense
alteration.

— Search for reducing zones within such basins.

AMIRA P544 November 2002
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11.21

Remaining problems and future
work to solve them.

AMIRA P544 November 2002

» Source of mobile * Utlize further
reductants? stratigraphic
investigations and
ivestigations of

heavy minerals

AMIBA P544 November 2002



Synthesis

* Geometry of different
basin-scale alteration

ZONES !

Age of different

alteration zones”

AMIRA P544

*ochemical

T

AMIRA P544

11.22

* Mine existing data and
additional fieldwork.

* Detailed petrographic
studies.

November 2002

* Continue major and
trace element analyses.
Continue C, O, and S
Isotopic studies to
look for changes
caused by oxidation
change during sulfide
precipitation.

November 2002
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Synthesis

* What is the source of
cobalt (which
differentiates
Copperbell [rom other

systems)?

AMIRA P544

* Geochemistry of ore

fluid?

AMIRA P544

11.23

* Continue whole rock

and trace element
studies of gabbros.
Preliminary work
shows least altered
gabbros with up to 60
ppm Co; depletion in
altered gabbros?

November 2002

Utilize stable mineral
assemblages and
alteration assemblages
to try and calculate.

Calculate possible ore
fluids at different
temperatures and
salinities.

November 2002
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* Degree of » Utilize and expand
metamorphic mineral geochronolog
redistribution? database.

AMIRA P544 November 2002

Synthesis
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Ndola West Update

Setting and genesis of sandstone-
hosted deposits east of the Kafue

Anticline

Robert Scott
Centre for Ore Deposit Research

CODRES / C5M AMTIRA PROTECT P544 — MOVEMBER MEETIMG, 2002

Aims

» Characterise mineralised interval at Ndola
West
— geochemistry, C- & O-isotopes (carbonates)
— facies associations / stratigraphic context
* regional correlations

» controls on basin architecture and facies
distribution

» Origin and timing of copper mineralisation




12.2

Summary of Key Findings

Katangan series at Ndola West
all, (i} Cre and (i) Hanging wall

“Ore farmdtmn represents an abrupt transgression-
regression cycle that heralded a significant change in
the character of Lower Roan sedimentation
disseminated Cu-sulfides mainly hosted by relatively
clean sandstones in upper part of “Ore formation™

high purnsit" aguifer between less prrrnr“xbln.. units

Summary of Key Findings (cont...)

Hanging wall and lower part of Ore formation
significantly more argillaceous than Footwall formation
Increased mica (clay) content interpreted to reflect both
(i) increased subsidence rates and (ii) change from
distributed intra-basinal faulting to faulting localised at
basin mdrgms

— Hanging wall: z :

laterally extensive, basin- 5 ce on major bounding
faults
i ntent of Hanaing wall suggests it may have
onal seal during subsequent hydrocarbon(?) and
hy*:tn:-tl‘,ermal fluid migration within the basin
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12.3

Summary of Key Findings (cont..)

« Textural relations indicate deposition of disseminated

Cu-sulfides occurred after formation of diagenetic (gtz +
fsp) overgrowths on detrital grains but prior to significant
folding and regional cleavage development

New 517+17 Ma age (SHRIMP Xt) for similar (pre-
folding) sandstone-hosted Cu at Mufulira suggests
deposits formed as a result of lateral (Cu-bearing) fluid
migration initiated during the early stages of Lufilian
compressional orogenesis.

Ndola West prospect — location

- - - INTERNATIORAL
BOUNDARY
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T wWITH TP
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Data sources:
2001 KIToODD1,DD4, DD4
de ME limb of Ndola
West syncling)

2002: KIT01DD1-6 (Stepping
out up to 1400 m along strike to
MW on both NE and SW limbs

of syncling)

[ Hanghog wat soquencs tLowar Fisan)
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Stratigraphy (NE limb of syncline)
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(Lower Roan)

Hanging wall

“Ore formation”

Footwall

Basement
After Scott (May 2002)

element

geochemistry

= Higher average
mica content of
both Ore and

Hanging wall
tformations
clearly indicated
by elevated Al, K
and Mg contents
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Stratigraphic correlations at Ndola
West

e NE limb of Ndola West synform
— Excellent lateral continuity of units within stratigraphic
interval tested by drilling (distance of ~1400m along
strike)
* SW limb of Ndola West synform
— Equivalent stratigraphic interval not fully tested due to
unforseen structural complexities
— Hanging wall sequence appears similar
— Differences in footwall succession (e.g. presence of
thick poorly sorted argillaceous sst (not present on NE
limb), interbedded with or underlying pink heavy-
mineral stratified sandstone)

Stratigraphic correlations: NW limb syncline

1400 m
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Stratigraphic trends

Hanging wall formation

{Lower Roan) m aring_
I transgrassion

regression T

Ore formation H

(Lower Roan) _
[merine

transgression
|

Footwall formation _
(Lower Roan) fluvial

KITOODDOG4

12.6

“Footwall formation”

— dominated by relatively
clean medium-coarse
grained and pebbly arkosic
sandstone
deposited in braided fluvial
system
limited data indicate
significant facies/thickness
variations within the Lower
Roan from SW to NE
sedimentation patterns
strongly influenced by focal
topography, consistent with
observations elsewhere in
the Copperbelt
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12.7

“Ore formation”

20-45 m thick, abrupt transgression-regression cycle that
Ided a significant change in the character of Lower
Roan sedimentation
<8 m thick arkosic sandstone and lower 1—2 m of overlying
dolomite (upper Cre fmmrﬂmm hosts the only significant Cu-
sulfides (Bn and/or Ce (2797) >> Cpy)
Increase in mica content of sandstones across lower part of
Ore formation (i.e. immediate footwall to mineralisation)
interpreted to reflect transition to deeper water conditions.
transgre ped by distinct it of thinly interbedded
iitstol dstone with turbiditic ch
.ntv.:rprn-'tn-'J te represent local maximum f ing surdace in the

Drill hole: KITOODDO4

= ﬂj_‘\L
1

“Ore formation”

'fr":jj‘] =

Anglo Amarica geocharmical data (NB. incomplate digestion of silcates)

ive Increase In mica content (K, Al) across footwall to mineralisation

> of aniginal carbonate alteration (Ca, Mg) h-a'-rn l:u:'u:'? Fachud]




“Hanging wall formation”

— here considered part of
the Lower Hoan but
interpreted as Upper
Roan by Anglo America

monotonous poorly

argillaceous sandstone
and siltstone, grossly
similar to argillaceous
base of Ore formation

MgO

MgO

MgC

E.1d 29 =
n |+ _Kiroonboos +_KiToopooos
Footwall Faotwall
formation Ses|  formation
0
o S = = ! ec---‘;:.t"I
Qo0 10 2a an A0 [y 10 2a 30 4]
29 4n
.&l
we ‘' Ore y Cre
e formation formatian
20 -~
109 X J&
50 : ﬁ ' - Y b
e e e
popda=e e ooi"" =
= 1.0
»| Hanging wall .| Hanging wall
| formation formation
’ o
o 20
108 x .
oo . Ra i £ . "‘
o et =
o pey S e /. *
o 14 z0 a0 a0 oL 10 20 a0 4
Al,O, AlLO,

Whole rock

geochemical data

12.8

suggests systematic

change in mica

composition from
Footwall to Hanging

wall.

= se in MgO / Al.O4

ratio of mica

ase in K0/ AlLO;

ratio of mica

hanging wall sediments
originally more dolomitic

iw,

il

Jra i fy !rl lr.



‘e R E)

=y

T e Ty

‘B

‘g Tr YR ‘B ‘B2 TR

wrr

TE Tpr

VE?r

Carbonate alteration

¢ Although extensively leached, patchy to locally

pervasive carbonate (+ biotite) alteration is

developed throughout Ore formation and much

of the Footwall formation at Ndola West

— Immediate footwall to stratabound Cu mineralisation
characterised by extensive zone carbonate veining
and alteration

— Predates cleavage development

Planned investigation of C- and O-isotopic
systematics of footwall carbonates will
complement predominantly hanging wall
sourced data from the Chambishi Basin
(McGoldrick & Large, this report)

Patchy, disseminated and pervasive stratabound
carbonate alteration in immediate footwall to ore horizon

12.9
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“Late-stage” albite alteration

associated with coarse xtalline

to fibrous gtz+alb veins

r;we.rprmts disseminated Cu- giz+alb +[
sulfides bnice vein

p rpddtea r,Inri\.- ri'EjF" 1’rDId|r:c;1

. altwte-—tir_-.‘muh e clots in
bleached alteration haloes

Cu-sulfides rin.,rrlrﬂtr d around
veins

viins contain hasmatite not
Cu-sulfides

KITO1DDO05

Stratigraphic correlations NE of Kafue
anticline

* |mportant similarities between Ore
Formations at Ndola West and Mufulira

— stratigraphic position marks transition from clear
to dirty (mica-rich) sandstones

— deposition during abrupt transgression-regression
cycles (3 cycles at Mufulira, 1 at Ndola West)

— formations {;umpfise ir.:ientital far'rps

strafified sst (major hn"t t-_ Cu-ores), massive fi{:lﬂrrtlll-

il
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Stratigraphic correlation NE of Kafue
Anticline
Mufulira R
Ndola West -JE i
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Age and origin of sandstone-hosted copper
mineralisation NE of Kafue Anticline

s geometry and textural relations of stratabound
opper ores at both Mufulira and Ndola West indicate
mineralisation occurred after early diagenesis and
prior to significant folding and regional cleavage
development (i.e. main stage Lufilian Orogeny)

Scott (May 2002) suggested a late-stage diagenetic
origin for the ores because:
— No ey either fo- OF micro-s : atructural

on (metal distribution), implying

in the Copperbelt occurred under
s conditions (implying low rock poroasity)
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Age constraints

e 517+17 Ma SHRIMP age for xenotime apparently

intergrown with chalcopyrite along heavy mineral bands at
Mufulira (G. Dawson, pers. comm.) refines previously
reported microprobe ages (534+92 Ma, 52968 Ma) from
same sample (Scott, May 2002).
Formation of xenotime requires significant fluid flux
(McNaughton, May, 2002)
dless of its relationship e gvergrowths imply
y open circulat during at least the early
es of Lufilian deformat
Metamorphic grade and microstructural character of
subsequent Lufilian deformation at Mufulira, requires
= rocks were not deeply buried, or
= significant reaction enhanced permeability
at the onset of compressional deformation in order to
account for apparently open fluid circulation at that time

Hydrocarbons and copper

Preferential copper development along heavy mineral
bands at Mufulira and elsewhere, and specifically the
nucleation of Cu-sulfides on zircon and monazite
grains requires the presence of a localised reductant.
Away from mineralised areas, heavy mineral bands
are typically haematite-rich and represent an
oxidising micro-environment

Thermochemical fixing of hydrocarbons around
radioactive heavy minerals could trap/concentrate a
suitable reductant within these bands

Consistent with previous studies implicating prior
hydrocarbon impregnation in the formation of
sandstone-hosted deposits (e.g. Annels, 1979).
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12.13

Model for sandstone-hosted deposits

* Gross similarities in character and stratigraphic
position of Cu ores at Mufulira and Ndola West
suggests the following features were important in the
formation of these deposits:

— relatively clean sandstone host-rocks capped or
sandwiched between less permeable units
providing favourable aquifers for both
hydrocarbons and Cu-bearing fluids
preferential fluid flow (relative to footwall) within
the ore formations may have been promoted by
proximity to a major regional seal (overlying
argillaceous sandstones) and their greater (basin-
scale) lateral continuity compared to sandstone
units in the footwall (deposited in fault-
compartmentalised sub-basins)

Model for sandstone-hosted deposits

* Prior impregnation of sandstone aquifers by
hydrocarbons is favoured as a mechanism for sulfate
reduction and development of chemical traps to
precipitate the copper ores
Particularly at Ndola West, the reduced
silistone/shale-dominated package (i.e. Ore Shale
facies equivalent) immediately below the mineralised
horizon may have originally contained organic matter
and provided a local hydrocarbon source
New age constraint from Mufulira suggests
mineralisation occurred in response to migration of
Cu-bearing fluids initiated and driven by
compressional orogenesis during the early stages of
the Lufilian Orogeny
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