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Supergene Ore Formation Systems

Weathering of rocks and soil formation is the origin of many important ore
deposits. Raw materials that are predominantly produced from supergene
(secondary) mineral deposits include a diverse range of metals and minerals such
as copper, gold, aluminum, iron, manganese, gallium, niobium and kaolin.

Chemical weathering is dominated by

reactions between Mineralstand Tocks: ~

with meteoric  water  containing

dissolved oxygen and carbon dioxide.

The first reaction causes oxidation, for
example Fe(ll) to Fe(ll), while the |
induces moderate
acidity, especially after passage

through a humic soil horizon that
multiplies CO, concentration in seepage

. pH and Eh are the main controls on
Hy0+COz(g) — H1CO3 — HCO; +H reaction products between rocks and

CaCOs(s)+H" — Cal +HCO; meteoric water. Weathering rates are

‘ a function of climate. Highest rates
occurred when high CO, is available
In the atmosphere with consequent
warm and humid climate.

Chemical weathering removes mobile
cations (e.g. Ca?*, Na'* , K') relative to




I. Principle of Supergene ore System

Plummer/McGeary/Carison Physical Geology, Be. Copyright © 1999, McGraw-Hill Companies, Inc. All Rights Reserved.

The principle of supergene ore deposit Supergene . Former grains of

formation is the concentration of 'Someél Enrichment ‘Gosgan by Ground waler
dilute but valuable component of the
primary rock. Two basically different
process types may lead to concentration:

- _>Chalcopyrite
o grains

: " -~Disseminated

© #  N oredeposit

1. The valued component s enriched i a 4
; ; Enriched . ~

residuum, while much of the rock ore

mass is dissolved and carried away.

2. The valued component| is dissolved,

In the latter case, the transport distance is
commonly very short (meters to tens of
meters). Some ore deposits, however,
originate after long-distance transport
dissolved in surface and groundwater.

Country
rock

Pluton

Examples of long-distance transport include
uranium in calcrete and in sandstone, iron
in Tertiary river valleys of Western Australia

and manganese in limestone karst caves.



Chemical weathering -
Removal of chemical constituents from rock
Generation of new minerals

The coffee-maker model:

Minerals consisting
of elements not
removed by water

Water with dissolved ions
produced by weathering

LBR 3/2002
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An important ore formation by weathering with metal transfer by meteoric
seepage water is the supergene enrichment of un-exploitable low-grade primary

mineralizations “protore”. Many Copperifon Manganese and Silverdepositsiowe!

supergene enrichment processes.

Supergene ore deposits form in regions
where weathering is favored by a humid and
hot climate that promotes the profuse growth
of vegetation.
affect supergene alteration by two
mechanisms. Megetation Is the direct
influence of plants on the soil water (e.g.

.........

retention).

abundance of organic acids in addition to the ueiowsufce, sowaer  Where water able intersects

microbial activity that promote dissolution of =« s e fowou
primary minerals. o e e
Hygroscopic Capillary Gravitational
water water water

In the supergene environment, iron and
aluminium have a very low solubility
compared to alkalis and SiO,. Therefore, they
are, iron and aluminium, enriched in the red,

clayey-sandy soils [oif ialElifelelies il paricesandis
that are generally called laterites. nltle worer Drains out f the

Ordinary laterites have little value except for  witingpoint—s;  2so®this i «— Field capacity
making bricks and building roads.

Remaining water Water held in
adheres to soil micropores

Available water for plant growth
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Saprolite
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Bedrock




. -
ore (o1 A
A
C 2,4010
U
00 C
C U
i C 0
O 0ll~ J
U C 0
Co C 0
0110 0 C
@, @, .
alld (O U
soil profiles
geveloped

B 3 . g
ERNG : o P 3 2
A oW S S T R T




Lateritic regolith* reaches more than 100m in thickness. Principally, the lateritic
regolith profile comprises an uppermost eluvial horizon (leached/bleached
horizon) (A), underlain by an illuvial zone (accumulation of leached element) (B)

that rests on un-weathered fresh rock (R).

In the eluvial zone, the rorsow A. HORIZON
. I THE UPPER SOIL LAYER zg:‘)élg[:
ore minerals are L ZONEOF
leached/bleached - such
as Fe - by organic acids  susson B. HORIZON
0 . 'E RED ROCK .
derived from decaying  sicieiai sano.sir ZONE OF
Vegetati on & CLAY ILLUVIATION
Depending on  the =
A ST S nere et L TN C. HORIZON

groundwater table, zone ek seprock | ,;2:‘-,{5.;&;2}5}51»-‘,j:l'.;,;';:3,';%,:i ~ (WEATHERED-ROCK)
(B) is often divided into O et | *;w’,,,
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Soil horizons and bedrock

*(Regolith is a layer of broken and partly decomposed rock particles
that covers bedrock; its upper part is soli).



O horizon
Loose and partly
decayed organic

matter

A horizon
Mineral matter
mixed with
some humus

5 Ef horizon
one of eluviation .
and leaching Regolith
B horizon
Accumulation of
clay, iron and
aluminum

from above

C horizon
Partially altered
parent material

Bedrock

R horizon
Unweathered
parent material

*(Regolith is a layer of broken and partly decomposed rock particles that covers
bedrock; its upper part is soli).



« Soil—zone of plant growth.

— The upper portion of
lithosphere characterized by
its ability to produce and store
plant nutrients.

« Average depth is about 15
centimeters (6 inches).

— An infinitely varying mixture of
weathered mineral particles,
decaying organic matter, living
organisms, gases, and liquid
solutions.

— Stage in a never-ending
continuum of physical—-
chemical-biotic activities.

. Regolith—a layer of broken
and partly decomposed rock

Regolith

particles that covers bedrock;
Its upper part is soil.




/SOl Homzom\ "

: :
B son_ HORIZON

-‘A:'“J“ o i S _ : v

: - = - » )
v--ﬂtn-/"{- --/'v---'---}h----“-!.z---.
< & : ",4,‘!"." DALl 7S ‘ : g |

S

'.b,g.u,‘.w .'.'" ‘; -
/' GRAVEﬁ.Ya x,
Sk LATERITE_ S
> DR B

~
¥ N .ﬁi---"—-_.-..
» _»' ; -: ..l




In (A) or in (B), many laterites have hard crusts (duricrust) that are composed of
SiO, (silcrete), iron (ferricrete) or manganese (mangcrete) oxides and oxy-
hydroxides. Zone (C) is weathered rock and can be crumbled by hand but often
displays and a
lower sandy horizon with intact feldspars but vermiculized biotite
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Laterite zonation is due to the effect of Transpiration
seasonal changes between dry and wet , Precipitation t

periods. @5&4@%@

- Plarit type &;@mmsﬂi}yé .

Evaporation

During dry seasons, soil water moves
towards the surface and evaporates, _ _
inducing alkalic conditions that promote e )
silica solubility. In wet seasons, acidic rain|| |
precipitates matter or takes it out of the|

} Yield

SysStém! Textures of lateritic soils include
banded crusts, shrinking fissures,
concretions, pisolites and oolites, small
vertical tubular structures, and many more. 3\

Groundwater Recharge )
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Newly formed solids are often amorphous
and colloform, but diagenetically aging into
minerals. An example is the transformation
of iron hydroxide gel into goethite and

haematite.  Fe(OH), — FeOOH+H,0
2FeOOH — Fe, O3 +H,0
The crucial factor for effective leaching is

i ) Water stored
water, modulated by hydraulic properties of VLG C N e
soil and bedrock that influence the contact | blEes o

time between water and minerals.



Weathering processes and Supergene ore Deposits

dJ Sulfide ore bodies have been subjecied 10 weathering at or near the
surface of the Earth after eons of erosion removed overlying rocks.

d Sulfide minerals are not stable at the earth’'s surface and
breakdown during weathering liberating metalic ions {eg., Cu®,
Po2+, Zn2+ Aga+).

o The surface waters andize many ore manerals and yield salvents that
dssolve other minerals.

o Anore deposit thus becomes axidised and generally leached of many of its
valuabile materials down to the groundwater table, or to adepth where
acdation cannot take place.

O These ons may precipitate as ox/des, carbonates and sulfates
gbove the waler table 1o form he secondary copper, lead, 2nc and
siver deposis.

J Where copper lons reach the water table and mactwm\fdms

nated Zy

sulphides, supergene copper deposts form that are dom
copper sulphides.

1) Cradation and reduction ennichment go hand in hand.
2) Without axd ation there can be no supply of solvents fram which minerals
may later be predpitatedin the zanes of axidation ar of supergene sulfides
3] The process resaives itself into three stages:

i) Oxidation and solutionin the 2one of axidation,

{ii) Deposition in the 2one of oxidation, and

fiii) Supergene sulfide deposition.

Eachis considered separately

4) ldeal starting material

For this to happen, the rock (starting material)
needs to be:

* Porous and permeable.

* Contains abundant pyrite.
* Contains acid soluble ore-metal-minerals.
* Underlain by precipitative environment.

CCan apply to many transition metals but Cu is the
outstanding example.

OAcidic oxidizing solutions will dissolve many minerals.

QBasic reducing conditions at or below groundwater
table will precipitate.

Conditions that influence supergene enrichment

* Active chemical weathering with ground level lowered by
erosion.

" Weathering under ocidic (carbonated water) and
axidizing conditions.
* Permeability and Porous

* Composition of the ore from the standpoint of chemistry
of the solution, chemical environment;

v Contains abundant pyrite.
v" Contains acid soluble ore-metal-minerals.

* Time.

* Deep water table imposing reducing conditions.
* Latitude and altitude, and depth of water level
* Climate and physiographic development

* Restricted to non-glacial terranes.



lll. Residual ore deposits

Eluvial Placer

concentrated in

TERRACE PALACER

situ,

N w S
BEDROCK

Examples are residual and
eluvial placers, bauxite,

N T T
PIERED

Stream Placer

PLACER DEPOSITS

lateritic gold, platinum, iron
Ni, Co) and nickel ores,
residual enrichment of sub-
economic protore iron and
manganese, and industrial
minerals such as phosphate,
magnesite and kaolin.

TN W Lawe FRE DARYMASE 100 TR Fbmad ) el B0 i (r By

Surface

Diamonds
concentrated
by weathering

Surface :

The fundamental geochemical ol

principle of the enrichment is

the steady activity of a -

reaction front in soil (the

valuable component IS

immobilized), WglERRiaERERT :
surface IS lowered by The concentration of ore depasits by

= : weathering processes occurs oz saluble rock,

such as limestone, = removed insolution,
Weatherlng and erOSIOn' leaving insoluble minemls concentroted as a
residue.



U Residual/eluvial placers (gold, cassiterite and wolframite)

¢ 20ne of weathering

stream placer

that are due to supergene
abstraction of non-ore material. The =
term eluvial (outwash) describes the
same result, i.e., residual although
with  more emphasis on physical | 7
removal of barren gangue. Many ore =2z
deposits, such as native gold,
cassiterite and [NGIEIES. contain
heavy minerals that resist
dissolution.

Residual placers are only stable in
flat morphologies, because steeper
slopes induce soil creep and with it a  sataton |
down-slope displacement of ore
fragments (resulting in colluvial
placers). Residual placers often
occur at the “stone-line” level of a
soil profile, where quartz and durable
ore minerals are concentrated.

zone of transport
by mass-wasting

“are minerals
© 1999 Encyclopadia Britannics, Inc.

#. 7 Suspension

Saltation



Lateritic crusts

Laterite, soil




U Lateritic gold deposits

Lateritic gold deposits as a class are a
relatively recent discovery. One of the &
largest representatives of this group was ===
the
Australia, which until closure in 2001 was #

the biggest gold mine in Australia with an
annual gold production of 2500 kg. Pre-
mining resources amounted to 60Mt of
ore at 1.6ppm Au, apart from bauxite with

gold contents of less than 1 ppm. :

Exploitable gold was located in near-
surface, Fe-Al hard crusts that reached a
thickness of 5m and in additional 8m .
thick lumpy Fe-Al laterite of the B
horizon. Sources of the lateritic gold in

eRich in organic materials
especially near surface
eDark brown or black
in colour
*Often called *“topsoil”’

soil at Boddington are quartz veins and . , T
. SRR et ey 2| ““B”’ Horizon”’ organic layer
hydrothermally altered bodies. Saa S e eown I cdltk

Lateritic gold deposits are worked. They .
are attractive because exploration,
extraction and processing of soil is less
costly compared with hard rock mining.  woem

*Mineral materials from
which soil is made
e ; *Usually bedrock or
Horizon glacial deposits
*Often called
“‘parent material”

/



[ Bauxite laterite/Residual bauxite

EEWAIEYi s the main source of Al in thel

BEE] Bauxite ore deposits originate
either by autochthonous/in-situ
weathering of aluminium silicate rocks
(e.g. basalt; nepheline syenite), or by

Autochthonous upland bauxites are
discerned from lowland bauxites that
include detrital (sedimentary) deposits.

Residual bauxite horizons often extend
over large areas and mark regional
unconformities that are related to
favorable  tectonic  and climatic
conditions. Many aluminium silicate
rocks contain an average of 15% Al,O,
that must be upgraded by [U€athering to
at least 35% Al,O; to be economically
exploitable.




Constitution of Bauxite

Mineralogy:
O Bauxite is an aluminum ore and is not actually a mineral.

O The present usage of the term, both minerlogically and in
commerce is to designate a commaenly ocaurring substance
that is a mixture of several hydrated aluminium oxides with
considerable variation in alumina content.

Q It is a hardened and partly crystallised hydrogel that
consists of variable proportions of the minerals gibbsite
(AI{OH);) or hydrargillite, and boehmite {AIO(OH)) and its
dimorphous form (i.e. diaspore @AIO(OH)}, together with
hematite, the clay mineral kaolinite and small amounts of
anatase (Ti0,).

O Impurities are invariably present in the form of halloysite,
kaolinite, nontronite, and iron oxides; rarely, bauxite
contains octahedrite.

Gibbsite: Al(OH),
Diaspore : cAlO(OH)
Boehmite: AIO(OH)

Kaolinite: Al,Si,0.(OH),
Halloysite: Al,Si,O.(OH),*2H,0
Montmorillonite: (Na,Ca)gzs(Al,Mg);S51,0,0(0H);* nH,0

O Typical bauxite contains:
v 35 to 65% ALO,
v 2to 10 % SiO,
v 2to 20% Fe,0,
v 1to 3% TiO,
v 10 to 30% combined water.
J For gluminium ore: bauxite should contain preferably

at least 35% Al,0; and less than 5% SiO,, 6% Fe;0;
and 3% TiO,.

U For the chemical industry: the percentage of silica is
less important, but iron and titanium oxides should
not exceed 3% each; and

U For abrasive use: Si0, and Fe,0,should be less than
6% each.

O Commercial bauxite occurs in three forms:

v Pisolitic or oolitic, in which the kernels are
much as a centimeter in diameter and consist
principally of amorphous trihydrate;

O Sponge ore (Arkansas), which is porous, commonly
retains the texture of the source rock, and is
composed, mainly of gibbsite; and amorphous or day
ore. All three may be intermingled




Origin and Mode of formation

Formation of Bauxite deposit is formed by lateritization (intense chemical weathering
in hot, wet, tropical areas) of various silicate rocks such as granite, gneiss, basalt, and

shale. Conditions necessary for bauxite formation Mode of formation

1) favorable parent rock. 1) Weathering.

2) porosity. 2) In situ leaching of elements and
3) high rainfall with intermittent dry spells. enrichment of residue in Al

4) good drainage. 3) Possible erosion and

5) tropical warm climate. redeposition?

6) low relief. 4) Addition of eolian dust.

7) long period of exposure.

8) vegetation,

9) Low Fe, Ti, alkalis, and alkali earths

Wet climate
In situ leaching of elements and enrichment

of residue in Al.

LATERITE

Thin or absent
humus

. > < Rl
Thick masses of insoleble Late"te LD . T
o and smeum andes | ' '

occasional quartz

Low quality
prunary ove

>

o
Ennched

PRl 11 oot toe r . By '
Mafic Igneon Melul-Tenche:l
p by percolating
bedrock ' ¢ acldic water
» R > S
4 2 J secondary ore

Metals precipitated
M or near
groundwater table




Mode of Formation (Cont.)

Steps:
O Alis abundantin earth (after O and Si). But, binds very strongly to O, poorly soluble = difficult to process.
U Bauxite is an accumulated product of peculiar weathering of aluminium silicate rocks lacking in much free guartz,

lie silicates are broken down; silica is remowved; iron 15 partly removed; water is added; and alumina, along with
titanium and ferric cxide (and perhaps manganese oxide), becomes concentrated in the residuum.

O leaching in tropical /subtropical where abundant rainfall (leaching), near neutral pH where Al least soluble.
O Highly soluble materials like Ma, K, Ca leach first.
O Then Mg and others.
L Formation of kaolinite from K-feldspar, also production of gibbsite (bauxite) as H,5i0, drops as 5i0, is leached (Kaolinite €
Gibbsite + Silicic Acid).
4KAISI; 0z (Orthodase) + 4H;C0; (Carbonic acid) + 18H,0 (water) <
AlSig0,, (OH): (Kaolinite-Clay ) + 4K* (Potassium ions) + 4HCO; (Carbonate ions) + BH,5i0," (Silicc acid)
Al converted mainly to kaolinite {often from feldspars: see phase diograms and

regctions, compare phase diaggram to le Chatelier principle).

# Formation of kaolinite from K-feldspar, also production of gibbsite (bauxite) as H,5i0, drops as 5i0, is leached (Kaolinite
<3 Gibbsite + Silicic Acid)
# Progressive dissolution of silica from clays in wet soils will eventually tum the:
Kaolinite [Al,Si,0,,0H), } — into Gibbsite {Al{OH)}
Gibbsite [Al{OH],}— boehemite (AIGIOH]}+ diaspore (gud O{OH])

. Basic reaction:
ALLD, € 2Al + 30

¥ Cathodic reaction: 2AP* + Ge- «» 2A1°

v Anodic reaction : 30" «» 150, + Ge
O Eventually, 5iin kaolinite can leach out, leaving Al awides and hydroxides (gibbsite=Al[OH),, boehmite=AID*OH).
O Where conditions are slightly more acidic, Fe may also leach (narrow zone), or, more likely, if rocks are initially low in Fe.
L Can be redeposited
O these soils become bauxite, a major ore of aluminum.
O This produces more pure Al ore.

O low relief = slow erosion compared to rate of chemical leaching common pisolitic texture, consequence of insitu process of
phase transformation.



- dioctahedral
sheets (only two of three
octahedral sites are filled).
(OH)- main anionic group
forming octahedrally
coordinated sheets with weak
bonds between

Gibbsite Al(OH),

h Lo

.

Diaspore oAIO(OH)

3

Bauxite  Al-hydroxide*

*hybrid mix of diaspore, gibbsite, and boehmite




Characteristics:

J Shape and Form:
1) Pocket Deposit : pocket; hole (ex. Jamaica & South Europe}

2) Blanket deposits: Irregular blankets several meters to tens of meters
thick on top of their parent rock (usually but not always){ ex.
Australia, Guyana, Surinam}.

3) Detrital Deposits : Accumulate in high slope land and inclined bed
4) Mixed 1, 2 and 3 (ex.Blanket & Detrital Deposits ; Arkansas}
J Age: mostly post-Mesozoic.

v" More than 90 % of all known bauxite deposits formed during the
last 60 million years,

v" All of the very large bauxite deposits formed less than 25 million
years ago.

J Mined by open pit method.

J Main producers: Australia, Guinea, Jamaica, Brazil, India, Surinam and
Balkan Republics.

= Largest producers are Australia, Jamaica and Guinea.




Types of deposits:

High level/upland Low level/peneplain Karst bauxite
bauxite bauxite

e Directly on volcanic or e Somewhat transported, e Oldest known.
plutonic rocks, no clay separated from their e In Eastern Europe.
body in between. parentrock by kaolinitic e On top of karst surfaces in
e <30 m in thickness under clay. limestone and dolomite.
e In tropical and e ~ 9 m thick. e Structureless, earthy,
subtropical climates e Along tropical coastlines concretions, .... variable
CRSTGITEEL G R EL NG @ Pisolitic textures. textures!
with relict textures e Associated with detrital e Predominated by
RS CEOTGILGEICG RARC S bauxites produced by Boehemite.
R EE G ELLTEGTE G EGR R fluvial and marine activity.
S T ER LR G T Ol @ Examples: South America,
» Examples: Ghana and Australia, and Malaysia.
Guinea




Q Iron Laterite/Residual iron

Lateritic iron ore deposits are not an
important source of iron, because both
deposit size and iron grades are rather
low. The ore consists of oolitic, red,
yellow or brown haematite and goethite
with elevated contents of H,O, SiO, and
Al,O;. Most deposits take the form of
autochthonous or locally transported
hard crusts (ferricrete) that reach a
thickness of only a few meters.

Lateritic iron ore is derived from
ultramafic source rocks and is exploited
in several countries (Albania, Greece,
Moa Bay, Cuba and in the Philippines) as
a high-iron limonite nickel ore (also
termed “oxide nickel ore”) for pig-iron
blast furnaces.

In Fe-oxide nickel ore, nickel is absorbed
in amorphous iron-hydroxides or occurs
as inclusions in goethite.

Residual supergene enrichment of
pre-concentrations is the last
upgrading event in the multistage

, which
could be derived from altration of
Precambrian BIF (Banded Iron
Formation) by diagenetic brines.



0 Manganese laterite/Residual manganese

Residual manganese ore deposits
are derived from rocks with above-
average manganese contents.
Laterites developed from such
rocks include hard crusts
(mangcrete) or earthy manganese
ore that may blanket considerable
areas. In contrast to iron that
tends to concentrate in the upper
soil horizons (ferricrete), the
slightly more mobile manganese
Is typically enriched in lower parts
of the laterite profile.

Lateritic manganese ores are often
high-grade and of superior quality.

Sources (protore) are manganese
guartzites, carbonates and
volcano-sedimentary rocks that
contain exhalative-sedimentary
pre enriched horizons.




1 Nickel Laterite

Lateritic nickel ore deposits are of major
economic importance. They form by
intensive and long-lived tropical weathering
of ordinary ultramafic rocks, which enriches
nickel (and cobalt).

Two types of nickel laterite are distinguished:

I. the oxide type in the upper, oxidized iron-
rich part of the laterite; (Ni as hydroxide
in the ferrugineous zone) and

ii. the silicate type in the lower, reduced

saprolitic section of the regolith (Ni as
hydrous silicates in saprolite) (above the
parent rock).

Laterite regolith zonation and the

redistribution of nickel are the result of

Olivine, pyroxene and serpentine are rapidly
decomposed by acidic rain and soil water.
From a surface value of 6, the pH of deeper
soil water turns alkaline (pH 8.5).

40-45m

ferruginous crust

red limonite

yellow limonite

transitional limonite

dunite
earthy saprolite

} rocky saprolite

peridotite

--culrasse
grenaille

- laterite rouge

e menids |

laterite jaune

aLréniTes

saprolite

peridotite




Nickel is dissolved and flushed e | comon [T | eamacnon
downward, where it is immobilized by ool L Mol b
lon exchange with Mg in newly forming umowre [0 [<01 [>50 |<os
magnesium hydrosilicates. A schematic

example of this reaction (neogenesis of

the Ni-serpentine from serpentine) is

given in equation. [NEellESIENINNNE

vow |02 01| @
LIMONITE 15 0.2 50

=
wgh

silicate in the saprolite zone:

Mg,Si,O5(OH),+xNi**aq

= | TRANSITION

~3;
szl
R @
o
b4
!

1| SAPROLITE/ | 18 | py 10 19
GARNIERITE/ | 1o to w0
SERPENTINE | 3 25 »

35
FRESH
ROCK 03 (0o 5 z

— (Mg, Ni);Si,05(OH),+xMg*"aq

Normally, groURdwater removes thel
dissolved magnesiumifrom the system.

Some is precipitated as a carbonate
(magnesite) in joints.

Permeability (m?)

t1+ 10 Myr.

- -t B

o

|Possible thermal

. . convection ?
New Caledonia is the largest ore

province of Ni-laterites. The
serpentinized and unaltered harzburgite-
dunite displays an average 0.25% Ni il
(mainly in olivine) and 0.02% Co. heating
Lateritization of the exposed ophiolite
resulted in a mature profile:

depth

Reaction-induced

deepening weathering front




Top: Massive goethitic (ferricrete);

with low residual nickel
concentration;

Limonite zone: with residual
manganese, chromium, haematite
and aluminium. Nickel, cobalt,

magnesium, calcium and silica are
leached and strongly depleted; in rare
cases, residual nickel is exploitable;
Nontronite zone: Ferrallitic, earthy,
red and yellow clays are the norm.
Nickel and manganese are enriched
to exploitable grades.

Saprolite zone: [fiisithe’main nickell
ore horizon. Olivine and pyroxene are

altered to colloform magnesium
silicates that age into the minerals
antigorite  (serpentine), talc and
smectitic clays;

Bottom: Unaltered hard rock (protore)

with rare garnierite in

fractures.

joints and

Miocene peneplain
Ni-laterite regolith =A% AK A
— ———

2 2 o 6 o o o o9 o e @ o
° , Partially serpentinized oo , © o
~ peridotite o
v B EUT

Barrier reef

Allochthonous laterite
debris

vvvvvvvvvvvvvv

Schematic profile of laterite blanket with nickel ore (black,
garnierite-saprolite horizon) above peridotitic rocks such
as the New Caledonian ophiolite (not to scale).
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Regolith profile of exploitable nickel laterite in New
Caledonia. Note the control of garnierite by joints
and fractures of peridotite.
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L Ultramafic rock - igneous rocks formed from magma with very low concentrations of quartz (SiO,).
Peridotite is a common ultramafic rock type which contains olivine, a greenish-gray mineral, with
magnesium and nickel.

* Rocks containing nickel are broken down by intense weathering to form a soil layer:

v Weathering begins on joints and fractures in the rock to form large blocks or boulders
with a thin soil layer.

v Further weathering and biological processes thicken the soil layer.

v Water flowing through the soil leaches nickel, iron, and magnesium (and other metals)
from the soil.

N R T N e N T TR A SN S AR [T AR YT RN A T3 R S I N Y SR
v The metals (nickel, iron, magnesium and other) then precipitate from water as oxides,
hydroxides and silicates in different parts of the soil layer as laterite.

Deep downward Near surface upward
penetration of water evaporation of water

producing weathering precipitates Fe, Ni oxide
> B
\ /

LIMONITE Goethite
i‘_’; & (hydrated oxide) ;
— comertne
1.5 - 2.5% Ni (hydrated silicate) 5 The process of oxidation and

weathering depletes the original mafic
rock of Mg and Si, and concentrates
Fe and Ni in the weathered zone.




Supergene metal deposits form when common rock types or deeply buried
primary ore bodies are exposed at or near the Earth's surface and undergo
oxidation, dissolution and re-concentration of the metals. Supergene metal
deposits are economically interesting because of their accessibility for extraction
and increased grades. Scientifically they are attractive because of their
mineralogical diversity and what they reveal about surficial history.



Supergene enrichment of pre-existing mineralization (chemical weathering)

Supergene, descendent alteration, may be

exceptionally beneficial where o
E?Ebg
Primary ore (protore) in =
deeper parts of the weathering profile is ?“\J“? Leached Zone

upgraded by seepage solutions. For sulphide
copper and silver ores, iron oxides and certain
uranium ore deposits, the supergene enrichment
process is of economic significance.

Oxidized
Ore

Enriched

Water
Table

O The supergene enrichment of
sulphide ore is a consequence of Primary
near-surface oxidation of sulphides Zone
caused by meteoric water seeping
downwards. Other agents include
dissolved oxygen and microbes that
have a role as “self-replicating
catalysts”. Sulphide-oxidizing
microbes are cultivated in leach
pads or large vats in order to
decompose sulphide ores of, for
example, gold, copper, nickel and
cobalt.

Leach Zone Recent Exotic

| LZone

TII-'-\__________.-—-_

Gravels

Oxide Zone

Supergene Zone

Hypogene Zone

xide
e.r"m? Buried E><oﬂc Zor’e
(chemically transported

/OXIdﬂ mn alcng P_,,_,.G._,,,.I_,___.%CP



1- The oxidation of sulphur and iron

pyrite (FeS,) (or marcasite) pProducCes Fes+H0+0; —» Fe0;+Hy0,

acidic water/solution. Consequently,
weathering of pyrite bearing rock (and
other sulphides) is a natural or
anthropogenic (due to industry) source
of extremely acidic solutions causing
acid rock drainage (ARD), or acid mine
drainage (AMD). Supergene oxidation ol
pyrite-rich copper ore (pyrite and
chalcopyrite) is illustrated by equations:

Gossan Cap -openboxwork of minerals
-find cxides & hydroxides that hawve formed
by rxn writh Ha0 & air

-as water leaches through -
forms acid

-acid leaches & dissclwes
sulfides below Gossan Cap

Z0NE OF SECONDARY ENFICHMENT

zzzzzzzzzzzzzz
\\\\\\\\\\\\\\\

-fairly well-oxygenated
abowe the water table

carbonates, sulfates,
oxides, bydroxides
watertable

P
xxxxx
zzzzzz
xxxxx
zzzzzzzz

xxxxxxxxxx
zzzzzzz

\\\\\
zzzzzz

ZOME OF SUFERGENE ENEICHMENT
-rep
(& other reduced minermls)
native: Cu. &g, Au

pt. of metals as sulfides & sulfosalts

original wein deposits -sulfides

Isotope Reservoir
and Associated Minerals

Leached

Zone (hematite,
jarosite, goethite)

mml- | 2 FeS) +150+8Hy O+CO» W
—}ZFE(OH)3+[4HZSO4+HZCOS] 35 %g $3> g ) ? ? |
s | 2CuFeS, -170+6H,0+CO, g} ? g% 5 ) %
—|2Fe(OH) 4{2Cus0, aq{HZC03+2HESO4] - >Watir:abfe §5
- _ 0 . Q- :
e st ctuiors L1\ )
other metals HNFOUGNNUNSAMIFAtEANSOINEOW - - -\~ =",
towards the groundwater. RSDIENOX

Supergene

Zone (chalcocite,
hematite,

Cu oxide)

Hypogene

Zone (chalcopyrite,
chalcocite, covellite,
pyrite, enargite)



2- Because of their low solubility

In oxic environments, iron
hydroxides remain near the
surface and form the
characteristic botryoidal and

cellular limonite-haematite masses
of the “Gossan”. In addition to
iron, manganese and gold are
enriched in gossans. Traces of
minor metals in the primary
sulphides may be preserved, such
as Ag, Pb, Cu, Zn, Cd, Mo, Ni, As
and Sb. Gossans are often
“collapse Dbreccias”, because a
large mass of the original ore rock

was abstracted. Gossans are
conspicuous indicators for the
possible presence of hidden

sulphide ore and therefore, are
prime prospecting guides.

Gossan
(mainly FeOOH)

Oxidation zone [ eached

Zone

Oxide ore
(e.g. CulO cuprite)

Groundwater table

Redox boundary

Secondary enrichment
by cementation
(e.g.Cu, S chalcocite)

Accumulation zone

,,
%0

e
o
55

’;Q‘
oo
XXX

>
(2

oo
55505
25055
2555
otele
o
55
2505

Primary ore
(e.g. CuFeS, chalcopyrite)

A
«o:o
IS
3%

g

R
&

%0

&

*

Primary zone

Schematic profile of a deeply weathered copper sulphide
ore deposit, displaying the supergene “secondary”
zonation resulting from redistribution of elements.

Gossans can be orebodies in their own right, mainly of gold. Of course, not all
supergene limonite-haematite masses “gossans” are connected with valuable ore
“false gossans”. The distinction is possible by mineralogical and geochemical

investigations.



3- The zone below the
gossan is known as the first
oxidation zone, at which the
ore is leached reflecting the
former passage of strong
acidic water. Native copper

and COPPEroXides (cuprite,

tenorite), carbonates

(malachite, azurite), EHIOHHES

(atacamite), silicates
(chrysocolla) and RS
(chalcanthite), display a
strikingly varicolored
paragenesis.

This zone (the leached

zone/oxidation zonel) could

be enriched to an exploitable
volume and gradeldgelnllsl=lsl

examples are several Chilean

copper porphyry deposits
that have important “exotic
oxide” outliers.

f,—‘"ff LS
fp S0y s

H20+ I[:'-‘2+ DOQ
AT Gossan
S S .
Sl v 1R (mainly FeOOH)

c
. O -
Oxidation zone Leached & 2
one = 9

o

Groundwater table . Oxide ore .
(e.g. CuO cuprite)

Redox boundary
2 25 Secondary enrichment
Accumulation zone

by cementation
(e.g.Cu, S chalcocite)

o

7

Primary ore

Primary zone (e.g. CuFeS, chalcopyrite)

Schematic profile of a deeply weathered copper sulphide ore
deposit, displaying the supergene “secondary” zonation
resulting from redistribution of elements.



4- In the groundwater area/water table (second oxidation

zone), the percolating acidified-water meets the

groundwater table, where the active reaction front is ;ff’,f’,f,f,«,;,,w,
r / £y

reached. g / /',
HQO+DE+CDE

Here, extensive exothermic NN 2

- g - A o {P oS ossan

>}

omdapon of primary [ (mainly FeOOH)
sulphides takes place, as
weI.I as the secopdary Oxidation zone | eached
enrichment by the aid of zone
thermophilic microbes. The S S S
secondary enrlchment. IS rounduator table 8 oXidaﬁ;n . Oxide ore
referred to the possible - (e.g. CuLO cuprite)
oxidation of the cuso, U
carried by the acidic solution : 2| Secondary enrichment
and the deposition"6f 'CUO| Accumulation zone by cementation
and Cu,0 as a cementing / (2:9.0u;S chaloocite)
oxides! The efficiency of
secondary enrichment Primary ore _
depends mainly on Primary zone (e.g. CuFeS, chalcopyrite)

In the second oxidation zone as well, more noble
metals (copper, silver, gold) could occur in the
native form, which may be explained by a redox

conditons ~ (eg. reaction: 2Ag'+2Fet — 2Ag +2Fe
permeability). (in water with dissolved SO} ")



5- Below the water table,
(actually below the Redox
boundary), @& secondary
supergene enrichment zone
(accumulation  zone) s
developed. This is achieved
when the enriched CuSO,
acidic solution is reduced -
aided by the microbe actions
- and the supergene sulfide
phases - chalcocite (Cu,S),
covellite (CuS) and bornite
(CusFeS,) - are deposited as
cementing phases.

Precipitation of enriched
phases can be schematized
as a cation-exchange
reactions:

5FeS,+14CuS0O4 aq+12H,0

— 7CusS (chalcocite)+5FeSO4 aq+12H»SO4

S 77

Y f;f;'ff ] /
JSOr Sy ’jf;f
H20+ 02+ 002
f&aﬁgﬁé£§%ﬁ@
N NIAON Gossan
o :
Sl naisn (mainly FeOOH)

Oxidation zone Leached

Zone

Oxide ore

Groundwater table

Redox boundary

(e.g. CudlO cuprite)

]

2 Secondary enrichment

Accumulation zone y cementation

Primary zone

CuFeSy +CuSO4 aq — 2CuS (covellite)

+FeSO4 aq

(e.9.Cu, S chalcocite)

Primary ore
(e.g. CuFeS, chalcopyrite)

Schematic profile of a deeply weathered copper
sulphide ore deposit, displaying the supergene
“secondary” zonation resulting from redistribution of
elements.



6- Many ore deposits

are only economically

exploitable because of supergene enrichment, based

on primary sulphides of poor grade. This is true for a

number of

Prolonged weathering of a
sulphide ore deposit results
In a vertical zonation that
comprises a
leached/oxidation zone and a
metal-rich cementation zone
(supergene blanket), grading
into unaltered mineralized
rock of the primary zone
(parent) (protore) (Hypogene
zone).

.a’__ffff
Ll /
fffx{;f’ffffff

£ P /
H20+ 02+ EOE
TN HRND
G{?q 3~50; L'.?f{} Gossan
AR THE (mainly FeOOH)

Leached
zone

Oxidation zone

Oxide ore
(e.g. CudlO cuprite)

Groundwater table

Redox boundary

2 35 Secondary enrichment
by cementation
(e.9.Cu, S chalcocite)

Accumulation zon

Primary ore

Primary zone (e.g. CuFeS, chalcopyrite)

Schematic profile of a deeply weathered copper sulphide ore deposit,
displaying the supergene “secondary” zonation resulting from
redistribution of elements.



Gossan

4FeS, +150;, + 14 H,0 — 4 Fe(OH); + 8 H,S0,
4 CuFeS; + 17 0, + 10 H,0 — 4 Fe(OH); + 4 H,SO,; + 4 CuSO,

Leached zone

2
‘ACU +(aq)

4

Oxide zone

2 CUSOMaq) + 2 Na;CO;m, —_— CU;(CO})(OH); + 2 Na;SO“aq, + CO)

native copper Cu
2 Cus(C0;),(OH); + H,0 —= 3 Cu,(CO;)(OH); + CO,

cuprite Cu,O
chrysocolla CuSiO;H,0

5 FeS, + 14 CuSO, + 12 H,0 — 7 Cu,S +5 FeSO; + 12 H,S0,
CuFeS; + CuSO; —= 2 CuS + FeSO,

PbS + CuSO4 — CuS + PbSO,

chalcocite Cu,S

covelliet CuS

Enrichment zone bornite CusFeS,

. ) . ) chalcopyrite CuFeS;
Primary mineralisation,

Protore

limonite Fe(OH),

malachite Cuz(CO3)(OH)
azurite Cu3(CO3)2(OH).

4

oxidising

Watertable

reducing

©Bastian Asmus 2013



Zones:

Ideally, them, there are three fundamental zones:
1)Oxidized zone — leached
2) Supergene zone — enriched
3) Hypogene zone {or Protore (parent)}

+ Gossans and Cappings

Minerals

Iron hydroxide (Limonie, Goethite)
and lros axide (Mematite)

Carbonates (Malachite, azurite)

(lron Hat)

\\
-
Y
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Formation of Copper Oxides

L Copper ore bodies have been subjected to weathering at or near the surface of the Earth
after eons of erosion removed overlying rocks.

L Oxygenated groundwater, derived from rainwater, trickles through fractures in the rock and
forms a leaching zone where chalcopyrite, a primary sulfide mineral, is dissolved and

oxidized.
P ood Wliaary DIVBEA GROLOGY. Musd © 'V Tnns Mo Mghar Edunation G, b Dnbugen, s

Supergene enrichment of copper. Figure 21.19 Formation of Copper Oxides
gossan e .
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Depth (m)

pyrite + water + oxygen — hydroxide + acids

- = = = \Water Table
sulfate + sulfide — sulfate + sulfide

Chalcocite Cu,S

- ) 70,+ 2H,0 = 2 ) 2H
fLeoched capping) 2Fe5,+ 70,+ 2H,0 - 2Fe50, (aq) + 2H 50,
FeSO, (aq) + 6H,0 = 2Fe(OH), +3H,SO,
Cu,S (Chalcocite J+50, + 4H" —» Cu? +2{S0,)* + 2H,0
(Oxidized Ore)

Cu*24+ZnS—> CuS+ Zn*?

5FeS,+ 14 Cu'? + 1450,% + 12 H,0-57 Cu,5 +5 Fe'? + 24 H* +17 50, *

22 November 2015

Prof. Dr. H.Z. Harraz Presentation
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The gossan can be called iron cap,
because it denotes a concretion of iron
hydroxides that has formed on top of
sulphide mineral vein, when the vein
reaches the surface. It is the very top
weathered deposit with only useless
stuff. The gossan forms during the
supergene sulphide ore enrichment,
when weakly acid surface water
percolates through the mineral deposit.
Many sulphide ores are oxidized in this
process and brought into solution:
H20 + CO2 = H2CO3

The resulting solution dissolves further
minerals. In sulphide ore bodies, pyrite
(Fe,S) breaks down to sulphuric acid
and limonite (Fe(OH);). Limonite is
Insoluble in water and remains in the
upper zones of the oxidised ore body.
Since the formation of Ilimonite is
accompanied by an increase in volume,
it is easily recognized by prospectors
and indicated the presence of an ore
body to below.

4 CuFeS; + 17 0, + 10H,0 —= 4 Fe(OH), + 4 H,S0, + 4 CuSO,

\ \
\\\\\\ \\ \\\\‘f\\\}\
H;0 + CO, —= H,CO, } \l,,‘_& / \t \“:\ \

4FeS; + 150, + 14 H,0 —= 4 Fe(OH); + 8 H,50, limonite Fe(OH).
il |

2FeS)+150+8H,04+COy
— 2Fe(OH);+4H,SO4+HyCO3

ZCHPESZ—{— 1 70—{—61—120—{—(:02
— 2Fe(OH);+2CuS0O4 aq+HyCO3+2H, SO,

Malachite
Azurite
Native Cu
Cuprite
Chrysocolla

Oxidation
Zone

Groundwater
NN

Chalcocite
Covelfiite ™
BW
Enrichment ornite
Zone

Chalkopyrit

Primary
Sulfides




In the underlying leached oxide zone
other ore minerals are dissolved by the
sulphuric acid. The ore body s
“leached” and the metal ions are
transported down to where they may be
partly precipitated as oxides again. A
zone with oxidized ore
remains. Carbonated, oxidizing water
may form carbonates such as malachite

or azurite, e.g.:
20uS04 + 2NaxCO;y
2Cus(CO4)2(OH)2 + Hz0

» Cua(CO3)OH)2 + 2NaaS0y + CO,
» 3Cus (COL)(OH)z + CO;

The copper ions of the

copper sulphate CuSO, reacts with
carbonates which are also easily
dissolved in  carbonated water.
Malachite Cu,(CO3)(OH), or
azurite Cu4(CO;),(OH), are thereby
precipitated. In contact with water

azurite reacts to malachite. However,
other ores like cuprite, chrysocolla, or
even native copper can occur in this
zone.

H,0 + CO, —= H,CO; \\\‘L ..b\ "//\\\\ \‘\\
AU——0b0N
'\\;\\;-

Gossan —

4FeS,+150, + 14H,0 —= 4 Fe(OH); + 8 H,SO,
4CuFeS, + 170, + 10 H,0 —= 4 Fe(OH); + 4 H,50, + 4 CuSO,

Leached zone

4cuz*(aq)

Oxide zone

2 CuSO4iaq + 2 Na;COyuq —= Cuy(CO5)(OH); + 2 Na;S04aq) + CO,
2 Cu;(C0O4);(0H); + H,0 —= 3 Cu,(CO,)(OH); + CO,

cuprite Cu,0
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limonite Fe(OH),

native copper Cu
malachite Cuz(COs)(OH)2
azurite Cu3(COs)2(OH).

chrysocolla CuSiO;H,0

oxidising




The greater part of the dissolved metal freight is re-precipitated in the reducing
enrichment zone below the water table. Thus the ores of the enrichment zone may
significantly surpass the metal content of the primary mineralisation. Typical

reactions are;

Schematic view
of a sulphide
vein. The
oxidation zone,
consists of the

gossan, the
leached zone
and the
oxidised zone.
The reducing
zone consists
of the
enrichment

zone and the

area of primary
mineralization.

Phs + CuS0y — CuS + PS50y
GFeSs + 14PhS0y + 12Ho() — TCuaS + 5F eSS0y 4
— 2SS + FeS0y

WL nby T
H,0 + CO, —= H,CO, \ - /, \\\ \ \
}\5\ L AW:\S\\\\

Gossan

12H-50),

Clulve .I'l._.! T k/"l'.l".f);

4FeS, + 150, + 14 H,0 — 4 Fe(OH); + 8 H,50,
4 CuFeS, + 17 0, + 10 H,0 —~ 4 Fe(OH); + 4 H,S0; + 4 CuSO,

limonite Fe(OH); A

Leached zone o

£

n

2 CuSO4q + 2 Na;CO5i5 —= Cu,(CO;)(OH); + 2 Na,S04(5q) + CO )
e 4(aq) 2C050q u; 3 2 32904(aq) 2 Cu2+(aq) native copper Cu .-9
HACAH(OM), 10" == 3 oot 100, ] malachite Cuz(COs)(OH): | &
2 3 2
Oxide zone azurite Cus(CO3)2(OH):
cuprite Cu,O
chrysocolla CuSiO;H,0
5 FeS, + 14 CuSO, + 12 H,0 —= 7 Cu,S +5 FeSO, + 12 H,S0, Watertable
CuFeS; + CuSO; —= 2 CuS + FeSO, chalcocite Cu,S

PbS + CuSO4 —= CuS + PbSO, covelliet CuS ?
Enrichment zone . [v]

bornite CusFeS, S

©

2

Y

) ) ) ) chalcopyrite CuFeS;
Primary mineralisation,

Protore _
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Supergene ore enrichment by Infiltration

Infiltration is used to describe the movement of surface water into soil, porous
rock, or karst. Infiltration ore deposits are formed when
SV S T [ VR S TSI \VL=Te )AL I LI Tgle® and concentrate it after considerable

transport by infiltration in a different geological setting.

Uranium is a good example, because :
during surficial alteration it is easily it g
dissolved from granite, gneiss and Precipitation J

. : I » el |
felsic tuff, and is transported by ' :
creeks and rivers for kilometres, until
infiltrating into an aquifer where
reduced conditions cause
precipitation and concentration.

Less infiltration in

_~non-porous soils and rock
[ |

More infiltration in
porous soils and rock

Water table

Selective weathering of different
minerals may produce a pattern of
spatial or temporal separation, for

Copper, lead and silver ores
embedded in haematitic sandstone

example by first leaching traces of
uranium, copper and zinc from
plagioclase and Fe-Mn
oxyhydroxides, followed by barium,
lead and SiO, when the more stable
K-feldspar is decomposed.

suites “red bed deposits” may have
originated in a way similar to
infiltration deposits of uranium (e.g.
the  Transfiguration deposit in
Quebec, Canada).



O Uranium

infiltration mineralization The concentration of solutes (solved

material) in surface and groundwater is generally very low. Enrichment to ore-
grade and an exploitable volume is only possible where a large mass flow is

focused into a highly efficient filter.

Geochemical barriers are most effective,
commonly in the form of a rapid change of
pH and Eh. Geological actors include
carbonates, H,S or SO, in the pore waters,

as well as organic matter. Because
precipitation takes place in pre-existing
rock, infiltration mineralization is clearly

epigenetic process. Infiltration deposits of
uranium are very common and economically
important. Oxidative chemical weathering
transforms uranium (IV) in rocks to uranium
(V1), which forms complex ions with free
SO,, CO,, OH, alkalis and humates.

Under oxic conditions (low oxygen) in
surface and groundwater, these complexes
are stable and allow long distance transport.
Geochemical barriers for uranium are
phosphates, arsenates, vanadates and
carbonates in percolated rocks.

Trench (filled)

Uranium
Contaminant
plume

.

A,

1".
Chemical .ﬁ.quifer
barrer

Schemalic diagram of a reactive barrier.

Remediated
Groundwater

Permeable
Reactive Barrier




Uranium infiltration mineralization and
ore deposits occur in permeable
sandstone and conglomerate (Colorado
Plateau, or “sandstone type”), in
volcanic ash beds, in faults and breccia
bodies, in peat, lignite and coal seams,
in asphalt, and in terrestrial calcite
crusts of semiarid lands (the “calcrete
type”). The genesis of the last includes a
pronounced component of evaporation.

The shape of orebodies varies widely,
including tabular lenses, pockets and
the characteristic “roll fronts” KelitIslly
connection with buried river courses.
mark the redox boundary in
space and time where the infiltrating
meteoric water lost its capacity to
oxidize the percolated sandstone and to
retain the sandstone uranium in
solution. Ore minerals include coffinite,
uraninite, vanadium-rich clays and
minor sulphides (of Fe, Mo, Cu, Pb, Zn,
Se, etc.).

Low-permeability rocks

.....
Feoa T

Sandstone
aquifer

S b <
Flow direction e,
1A LiA LIAT

Laq oL
<<<<<<

Low-permeability rocks

Redox boundary "Roll front"
Hematitic Alteration Uranium Pyritization Unaltered
core halo ore sandstone
Hematite Siderite Uraninite Pyrite Pyrite
Magnetite Sulfur Pyrite FeS

Ferroselite FeS, Se

(FeSe2)

Roll front uranium orebodies develop, where infiltrating
uraniferous meteoric water passes through a redox
boundary.

Jordisite (MoSz), Calcite

ROLL FRONT URANIUM
MINERALISATION

CLAY (confining bed)

UNOXIDISED
SAND

CLAY (confining bed)

- | IMONITE CONTENT DECREASING
- CARBON/PYRITE CONTENT INCREASING
—eee i DIRECTION OF FRONT MIGRATION (downstream)

ROLL FRONT URANIUM MODEL CROSS-SECTION | f

Adapted from published sources

Roll-front deposits cut across bedding. Uranium-bearing
ground waters precipitate uranium oxide minerals when
they come in contact with reducing conditions.



U Karst systems

Formation of karst systems in
carbonate rock bodies and the
contemporaneous deposition o N
of mineralization in the caves [t ﬁ%/
may also be related to e ‘
infiltration processes. -\'5 s 3 s T
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Karst formation is caused by
infiltration of meteoric water,
which is enriched in CO,, for
example by percolation
through the organic soil
horizon.

Dissociation of carbonic acid
produces acidity (H) that is essential
In limestone dissolution. Because of a
much slower reaction rate, dolomite is
less affected by karstification.

HyO+COs(g) «» HyCO3 «— HCO, +H"
CaCOs(s)+H F Cai +HCO,




There are three possible modes of ore -
deposit formation in karst: |

e Carlshad Caverns

ATIONAL PARK - NEW MEXICO

1. Hydrothermal karst originating from
hot ascending fluids. Structural
relations such as cementation of host
rock karst breccia by sulphides

reveal simultaneous calcite
dissolution and sulphide R i
precipitation (Carlsbad caves in New R i i

Mexico) (note the possible
connection with metasomatic ore
formation).

2. COMMONNMEIEORENKERSI, formed by F
downward percolating water with

dissolved carbon dioxide, which was

later filled by ascending
hydrothermal fluids with ore and
gangue, independent of
karstification.

3. Common  meteoric  Kkarst, and

synchronous supergene infiltration of
ore elements.




End of Lecture



