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Outline:

1. Disseminated ores (komatiites and
others)

2. Net-textured (matrix) ores, the billiard
ball model.

3. Sulfide-silicate wetting, migration,
percolation — analogue models

4. Spinifex ores (special case of matrix ore)

5. Globular disseminated ores (Black Swan,
Noril’sk, Sudbury examples)

6. Massive ores - Emulsion textures, melt-
infiltration fronts (Kambalda example)

7. Sulfide-matrix ore breccias (Voisey’s Bay
example)

8. Synthesis, genetic models, exploration

implications

Details: Barnes et al., American Mineralogist 2017



Physical properties of silicate and sulfide magmas

Melt type Density (p) Dynamic viscosity (u)
(kg m™) (Pas)
|_Ee sulphide 4000 2 x 1072
u sulphide 5200 2x10°
Komatiite 2800 1
Basalt 2600 100
Dacite 2000 1% 10"

Sulfide liquids are

VERY dense

VERY runny

HIGH heat capacity

VERY efficient carriers of heat




1. Disseminated ores, matrix ores
and sulfide liquid percolation,
leading to...

2. Sulfide/silicate melting fronts
and finally

3. “breccia ores”




Low-resolution X-ray computed

tomography at 200 micron resolution using
medical scanning technology
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Marriott’s Deposit, Yilgarn, WA

Globular sulfide ores




Disseminated sulfides in komatiitic olivine cumulates

ADCUMULATES (Mt Keith, Goliath) ORTHOCUMULATES (Black Swan)

B Olivine [ Sulfide [_] Trapped melt




CT visualisation of magmatic Ni sulfides - Type 2
nickel sulfide ore, Mt Keith

1cm

Sample is “adcumulate =

100% olivine + ~ 3.5% sulfide liquid —
no interstitial silicate magma

Barnes et al Geology 2008
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CT visualisation of magmatic Ni sulfides —
Sulphides in orthocumulate, Black Swan

R v
Transmitted light
“orthocumulate =

olivine + sulfide liquid + ~40%
interstitial silicate magma



(movie)




Wetting angle and sulfide textures

Wetting angle 0

O Low (<60°) = wetting —
sulphide penetrates along
grain boundaries

O high (>120°) = non-wetting —
sulphide forms isolated droplets

. Sulphide
Olivine

O depends on sulphide
composition, especially O
content — higher O content
more wetting, but higher Ni +

Silicate melt Cu, lower O.




Wetting angle and sulfide textures

Sulphide
melt

Silicate melt

Expected geometry if sulfide does not wet
olivine — isolated spherical sulfide droplets,
low mobility of sulfide in pore space, “what
you see is what you get”.



Wetting angles and sulfide textures

Wetting liquid — silicate melt
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Wetting angles and sulfide textures g e

Synchrotron

Wetting liquid — silicate melt

Non-wetting liquid — sulfide melt
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Wetting angles and sulfide textures — silicate and sulfide together
Wetting liquid — silicate melt
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drop
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Komatiite-hosted nickel ores
The standard “billiard-ball” story

Type 1 Ore
profiles




“Billiard Ball Model” Naldrett (1973), Usselman et al (1979)
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(Sample from Mike Lesher)




Irregular patches of sulfide-
poor orthocumulate with no
associated sulfide globules

Globules are almost perfectly
circular in “plan view” — have
near-flat bases, more
irregular concave upper
surface.




Alexo net-textured ore — Tornado maps

Olivine in blue, chlorite after trapped
melt red, relic cpx (micrspx) turquoise,

olivine Trapped melt

v

Olivine Patch of sulfide-poor olivine orthocumulate
Chlorite (trapped melt)







Jinchuan ore textures (Tonnelier PhD thesis 2009)

Olivine
Sulfide liquid
Silicate liquid




Jinchuan ore textures (Tonnelier PhD thesis)

b) 2cm
Olivine

Sulfide liquid
Silicate liquid

N

3D-connected sulfide channel?



b. ZK265-4

400 pm
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Katiniq — “leopard” matrix ore

CrCas Sulfides in blue, opx black-red, olivines black, cpx green
r




Katiniq — “leopard” matrix ore

Two-stage growth of large opx “oiks” — these are actually zoned opx
Cr phenocrysts with euhedral Cr-rich cores and abundant olivine inclusions







Kevitsa

~5% sulfides




Wetting angles and sulfide textures

Wetting liquid — silicate melt

C

E extended

stranded
drop

Non-wetting liquid — sulfide melt

deformed
drop




Migration of sulfide droplets through pore space in cumulates
(Chung and Mungall EPSL 2009)

&

> tension
g percolation

Small droplets can migrate
through pore throats, larger
ones only if wetting angle is low

Gravitational force
driving percolation

Large enough blebs with
: sufficient rise height can force
G themselves through pore space

h

P

@ sulfide lquid

@ crystal



Analogue experiments
Anja Slim (Monash)
Margaux Le Vaillant (CSIRO)

Olive oil = magma
Water = sulfide liquid

Plastic beads = olivine

Oil wets the beds, water doesn’t




Analogue fluid experiment (Anja Slim, Margaux Le Vaillant)

(movie)




Analogue fluid experiment (Anja Slim, Margaux Le Vaillant)

265-4 C

A extended

Jinchuan sulfide network




Sulfide percolation model for net—textured ores Barnes et al., Amer Min 2017
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Coalesced sulfide melt




Strain-rate dependent rheology
(thixotropic behaviour)




(movie)




Strain-rate dependent rheology
(thixotropic behaviour)

Particle-fluid mixtures flow
at slow strain rates but
fracture at high strain rates

k L 5

Sul Vein
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Flanking Preferred Flanking
sheet lobes lava pathway sheet lobes
(ore environment)

Hangingwall ore
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(modified from Cowden, 1988)

°”<|Olivine orthocumulate-mesocumulate | H |Harrisite layer || Massive ore
£~ Thin spinifex-textured flows _|Interflow sediments [ | Matrix ore
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Sulfide percolation, the smoking
gun: spinifex ore in komatiite
flows (Lunnon and Coronet
Shoots, Kambalda)

Groves et al, Econ Geol 1986
Barnes et al, Econ Geol 2016




=
©
|
(@)
Y
(7]
Q |
o |
e_.
(a'a]
e-
> |
Q|
=)
(V)
(S
(@)
|
[
2
Q.
S
©
(7]
—
(V]
|
(@)
X
(U]
=
=
Q.
()]
)
(J]
c
(@)
|
(@)
o

5
3




@

interstitial
to spinifex
(apart from
a few late
veinlets)

entirely
plates
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film with
dendritic
chromite
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| 2\ J | p -

1 silicate liquid (komatiite) [ Sulfide liquid
B Olivine spinifex plate === Chromite-decorated contact

Barnes, Beresford, Le Vaillant, Economic Geology 2016




andafn splnlfex ore PSPXO,

3 48 . e : bent
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Low-resolution X-ray computed

tomography at 200 micron resolution using
medical scanning technology

Marriott’s Deposit, Yilgarn, WA

Globular sulfide ores







Black Swan nickel sulfide deposit, WA — capped globules -sulfide droplets inside

vestigial gas bubbles.
Barnes et al, 2009, 2017
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Original
volcanic gas
bubbles (now
filled in by low
temperature
silicate
minerals)

Sulfide minerals
crystallised
from original
droplets of
molten iron-
nickel sulfide
(natural matte)

Crystallisation

products of the
original silicate
magma(natural

slag)




Disseminated ores, Black Swan(Australia)
Sulfide globules attached to filled gas bubbles

Relic pyroxene microspinifex texture after komatiite liquid




1 mm




Globular

disseminated
sulfide ores

Noril’sk

Le Vaillant et al PNAS 2017

and in prep.

2¢cm

,,,,,,,,

(Leuco)-gabbro-(norite)
= Picritic gabbro

- Taxitic (olivine) gabbro
B8 Upper taxitic gabbro

[ )
= M Massive ore

. . .

«_* Disseminated ore

=y Cu-PGE breccia ore

@




Taxitic olivine gabbro with Differentiated sulfide blebs
sulfide blebs with silicate caps

* -
»




Differentiated sulfide blebs with

silicate caps, bimodal sulfide texture




Noril’sk-Talnakh ore textures Differentiated sulfide blebs inside segregation vesicles

legend forb,dandf:  [Jl]l Pyrrhotite [l Chalcopyrite  [[] Pentlandite Bl Silicate/oxide primocryst [l Silica Cap

Le Vaillant et al., ¢ B £ N
PNAS 2017 : , sulfides : v

amygdales




Noril’sk-Talnakh ore textures
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Noril’sk-Talnakh ore textures Differentiated sulfide blebs inside segregation vesicles

Sulfide melt
Silicate melt

Vapour bubble

Fine grain crystallised
residual silicate melt

Silicate primocryst

> BN

Secondary Interstitial
© crystals
. Compositional zoning

0.5 mm

Q

i Silica cap outline

Le Vaillant et al PNAS 2017

O sulfides Ml oxides




— Experiments
with sulfide
fliroplets and

vapour bubbles
{f(MungaII et al Nature

f Geoscience 2015)
|

an‘pshot from 3D x-ray
computed tomography
image (CT scan) of
bubble-sulfide droplet

cz't'pture — gas bubbles in
blue, droplets in yellow

SEM image of section througl‘h experimental charge.
Gas bubble

|
J

Silicate magma

Sulfide liquid droplet ;



Segregation vesicles in
basalt

Fractionated residual melt driven into
vesicular void space — vapour-driven
filter pressing — Anderson et al 1984

SEGREGATION VESICLES, GAS FILTER-PRESSING, AND IGNEOUS ,
DIFFERENTIATION!
J Geol 1984

ed

ALFRED T. ANDERSON, JR., GEORGE H. SWIHART, GILBERTO ARTIOLI, AND CHARLES A. GEIGER “ture



Segregation vesicles — silicate melt migration due to pressure increase

v N

Accumulation of compound bubble- Increased confining pressure, droplet
rider droplet in olivine framework with volume reduces, silicate melt drawn into
growing pyroxene oikocrysts cavity, oikocryst growth continues




Tuff layers in the Nadezhdinsky formation

Noril’sk intrusions periodically vented to the surface — lithostatic to hydrostatic pressure drop
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Crystal pile + sulfide

Olivine
crystal
framework

~

Compqsite droplet-bt{bble pairs \ Droplets deposited from volatile-
deposited from volatile-saturated undersaturated magma followed

magma.... Or.... by degassing of interstitial liquid
during crystallisation




Cuprous ores — exo-skarn breccias
Immediately overlying thickest zone of
differentiated massive ores (Sluzheniskin et al)

T
SR
.-%:_: =/ High PGE, low-S
R / disseminated ores
= .. at tops of sills

¥ (Leuco)-gabbro-(norite)
Picritic gabbro

B Taxitic (olivine) gabbro
: : S Upper taxitic gabbro

. . @RS ot &4 Massive ore

¥ (Leuco)-gabbro-(norite) X o . ~ <%+ Disseminated ore
Picritic gabbro ’ ke B2y Cu-PGE breccia ore
- Taxitic (olivine) gabbro
S Upper taxitic gabbro

&4 Massive ore Vapour driven transport of Cu-PGE rich residual sulfide liquid
«_* Disseminated ore . . .
B Cu-PGE breccia ore during eruption-related degassing events?

@




Ni-rich aerosols

Meishan, China
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Basalt
10 Kb

(Dry)

Basalt
low P
(Dry)

Basalt
10 Kb

Basalt (4% H.0)

LowP
(4% H.0)
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liquid liquid
(Cu-poor) (Cu-rich]

silicate




Flowing magma

—>

Stagnant magma

Rejuvenation of flow

Flowing magma

Entrainment, re-deposition of mixture of solid and liquid sulfide

(after Mike Lesher, pers comm)



Significance of
globular ore
textures

Dispersed sulfide
blebs, mixed size
population

PROXIMAL

Mixed
globules,
veins, patchy |

matrix |

PERCOLATING
NETWORK
HALO

Irregular large globules

mainly high Ni/Cu
TRANSPORTED/RECYCLED
PROXIMAL

Isolated capped
globules,
differentiated
BUBBLE-RIDING
TRANSPORTED
NOT NECESSARILY
PROXIMAL

Side-wall above
1¢cm .
[t | basal accumulation




1. Disseminated ores, matrix ores
and sulfide liquid percolation,
leading to...

2. Sulfide/silicate melting fronts
3. and finally “breccia ores”




Sulfide-matrix breccias: silicate aggregates (rock
fragments, molten or partially molten silicate and
disaggregated grains) in a matrix of sulfide melt

Totten mine, Sudbury

Sulfide-matrix lithic fragmental ores — rock fragments in sulfide matrix



Breccias ain’t breccias...
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Sudbury emulsion textures (Hawley, 1962)

Silver Swan, WA Talnakh

Emulsion ores- silicate/sulfide liquid mixtures



Origin of non-tectonic sulfide ore breccias:

Sulfide melt —silicate clast
gravity currents emplaced
downward during backflow

Internal and
external sulfide
breccias

Y.
N
{c}.!
)
-1 492

= X
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Or...percolation of sulfide
melt at silicate-sulfide

Sudbury melting-infiltration fronts.

offset dyke



Sudbury emulsion textures (Hawley, 1962)




Emulsions — salad dressing or mayonnaise?

Salad dressing...




Salad dressing to mayonnaise...

Qtz Diorite

‘Q .fﬁ "t.t ' .'
L e (
Inclusion- bearlng massive MSS cumulate (Ieft) local Cu-rich liquids (centre),
and relatively unfractionated blebby disseminated ore (right), Frood Mine,

Sudbury (photo by Paul Golightly, slide from Mike Lesher)




Silver Swan orebody
N/ TN
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Disaggregating silicate “plumes” in sulfide

Raindrops

e

Silver Swan orebody, Black Swan, WA



s Melting the Footwall

Moran Shoot, Kambalda (samples and
photos from Sebastian Staude)

Silicate-sulfide emulsion texture

flank
sulfides

spinifex of
basal flow

/

eastern flank N
sulfides




TN T R e e ’ Melting the Footwall
4§Sﬁ?§fg 0 R Mcleay Shoot,
p P B e Kambalda
‘ | Staude et al Geology 2016
Staude et al OGR 2017
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Sulfide-silicate infiltration-melting front: Moran Shoot, Kambalda

“Floating” basalt
plumes

h

“Hydrostatic”
Differential
pressure at tip of
sulfide network
increases as veins
propagate
downwards

Hydrofractured
basalt with sulfide

penetrating along
fractures

2Ccm
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Sulfide melting into sediments

Cap Fault karmatine
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Moran Shoot, Kambalda
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low P
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10 Kb U 2 - chromiferous
Low P liquid  liquid -
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Moran Shoot, Kambalda



Moran Shoot pinchout zone

Silicate-sulfide emulsion texture

Staude et al Geology 2016

open contact

massive
Loper contact

basal contact

airox. 5m
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open contact 1 77 =~ ~ T T LT
.

O
pinch out zone :

massive

Pz K K K XK KK XK KKK KX XY

% Interflow sediment
- Footwall basalt
@P® Pillow basalt

=| Random-spinifex texture |. Komatiite - olivine mesocumulate

Platy-spinifex texture @ Matrix/disseminated sulphides

What drives lateral |:| Komatiite - olivine orthocumulate - Massive Fe-Ni-Cu sulphides

erosion here?

Excess
“magmastatic”
pressure due to
sulfide rise
height



Net-textured

MERYE

Efficient heat transfer to roof
causes further melting here Excess pressure here hg(psul'pbas)

Causes sulfide liquid to ]
propagate into cracks ...relative to here

laterally and vertically here

Sulfide melt can excavate its own “traps”



| <l .
= M Massive ore

«%* Disseminated ore

Sulfide — silicate melting
fronts

Kharealakh Intrusion,
Talnakh (Noril’sk)

¥ (Leuco)-gabbro-(norite)
= Picritic gabbro

B Taxitic (olivine) gabbro
S Upper taxitic gabbro

S

=y Cu-PGE breccia or
AT




Sulfide melt infiltration front, base of the Oktyabrysky massive sulfide sheet. This is a melting
raft of footwall metasediment floating up into sulfide but still attached to the floor. Photo
courtesy of Nadya Krivolutskaya and organising team of 13t International Pt Symposium,
Russia, 2013. Sluzhenikyn et al, (2013)




Noril’sk-Talnakh ore textures Emulsion textures




Eagle, near Duluth, USA

0
M ;
40 - massive sulfide Proterozoic sedimentary rocks
80 -
120 H
1601100 m depth Pl
1 1 I I 1
0 100 200 300 400 500 600
04 b ol C
W overburden :MEAD47 E S overburden
: i feldspat
40 feldspathic peridotite 50 — peridotit
80 —
100 —
120 1 olivine melagabb
150 — melatroctolite
160
200 —
2007
240 =
Proterozoic sedimentary rocks
280 m 300 —
40m Proterozoic
— sedimentary rocks

Ding et al Min Dep 2012




Sulfide infiltration-melting front — sulfide-black shale contact, Eagle

Barnes et al., 2018, in review)

a8 C
overburden N
s feldspat
50 — peridoti
100 —
melagabbro
150 — melatroctolite
200 —
250 —
300 —
Proterozoic
sedimentary rocks
350 m — 50 m
Sulfide ore textures and emplacement Host intrusion geometries and subvolcanic

mechanisms plumbing systems




Eagle (mid continent rift, USA)




Eagle — sulfide invading black shale at an
infiltration-melting front




Take home:

* Sulfide are highly mobile post deposition and can melt or infiltrate
their way several metres, maybe tens of metres into country rocks

* Process can be self-reinforcing as long as a heat source is present.

* Chicken ore egg — topographic embayments and sulfide pools?
Which came first?

Flowing magma

\/17

T s




World’s Most Accurate
Pie Chart

Pause for questions...
B Piel have eaten

¥ Pie | have not
yet eaten

CSIRO MINERAL RESOURCES




1. Disseminated ores, matrix ores
and sulfide liquid percolation,
leading to...

2. Sulfide/silicate melting fronts
and

3. “breccia ores”




Sulfide-matrix breccias: silicate aggregates (rock
fragments, molten or partially molten silicate and
disaggregated grains) in a matrix of sulfide melt

Totten mine, Sudbury

Sulfide-matrix lithic fragmental ores — rock fragments in sulfide matrix



Tectonic (“durchbewegung”) breccias

Pl PR e
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CuliS

KUD1525-762

(Savannah North)



Tectonic durchbewegung
breccias — Emily Ann




Aguablanca, Spain

37°58' 59" N

4205400
Iberian Massif
|:] rian Mass —om
CZ: Cantabrian zone
ALZ: Westerasturian-
leonese zone
CIZ: Centro-lberian zone —100m
OMZ: Ossa-Morena zone =
SPZ: South Portuguese zone :g
® —200m
o
37°56' 08" N Ore-bearing
breccia
[:] Skam «@P Gossan B —300m
E] Limestone Aguablanca ir}
] Bodonal-Cala complex -
i i Santa Olalla i )
Volcaniclastic rocks —+— n lalla lrg matrix —400m
m Slates and graywackes] Tentudia sucession [+ +|Garrote alkalif
ng matrix
—500m
rix
- 600 m




Aguablanca sulfide ore breccias

% Ni >1 high grade
Ni/Cu aprox 3-5

Patchy porphyritic grabbro
Po-Pn>Cpy>Py patches

Images from Lundin Mining | 51 Sl
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Slab AB-NA1 Tornado scan of wholeslab

(sample from Nick Arndt)
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Pyroxenes trapped in early MSS

Overlapping melting ranges in mafic-
hosted systems

Komatiite
low P

Basalt
10 Kb
(Dry)

Basalt
low P

Basalt
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S (Dry) Basalt 4% H0) o 10nide _ Sulphide—
& < Low P liquid liquid
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Aguablanca breccia model (Barnes et al., in press, OGR, 2018)




Aguablanca breccia model (Barnes et al., in press, OGR, 2018)

1
M EEEEE.-.

1

LIS
-n
1
C

‘.
.
]
n

Ry

- .-

|:| silicate melt + plag - pyroxene - sulfide melt- solid MSS |:| Sfl:gggr?;?gd)

@




Munali (Dave Holwell + students)

depth below NE FACE OF MAIN FOOTWALL DRIVE

shear-textured/'fluidised’
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Munali (Dave Holwell + students)
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Polymict sulfide-matrix breccias at Voisey’s Bay

Normal-textured
L] troctolite

Vari-textured
El troctolite

Ultramafic
[ fragments

I:l Basal breccia
seguence

—~ Massive
= - B Sifide

= ' ‘
a . | | D.'..S;E,T inated

"Ovoid"

\
Conceptual Section
Showing Erosion Levels
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Plagioclase framework
+ sulfide

* Plagioclase framework
is early, pre-dates
sulfide

* Delicate texture
precludes deformation
or flow

e Sulfide liquid
percolates through
plagioclase framework
displacing low-melting
multi-phase silicate
component

 Refractory plagioclase-
olivine component
stays put
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Continuous sulfide

VB-PL-EOL-3d
network

Medi-CT image

movie




S-poor VB breccias —
interconnected sulfide in 3D

3D sulfide 3D ssilicate




increasing proportion of clasts
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Erosion of
sulfidic
country rock

Sinking and
accumulation of
country rock
xenoliths, sulfide
blebs and chilled
margin fragments

Percolation of sulfide through matrix of breccia




Percolation of sulfide through matrix of breccia



Complete flooding of pore space
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film with
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plates
(apart from
a few late
veinlets)

dendritic
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entirely




Matrix (net-

sl u textured)
I P 5 3 4 ‘“ ores
> sulphide - :
globules S Sulfide —
el T ’ * <% silicate
) SV Infiltration-

melting front

Sulfide textures are
key evidence for ore
forming processes A
and can serve as external sulfide
. breccias
deposit scale vectors
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Redeposited ripped-up‘ massive Su/fide SUIflde matrix infiltration breccia



Continuum between infiltration breccias
and emulsion textures

Continuum between matrix ores, spinifex
ores and infiltration breccias

Process driven by percolation of hot,
dense, low viscosity sulfide melt and
displacement of low-melting silicate
component at infiltration-melting fronts

These “breccias” form by low energy

gravity-driven downward percolation, not
high-energy volatile—driven upward
emplacement




Main messages

1. Sulfide liquids can percolate through silicate
rocks once the sulfide content is high enough

2. Some “breccias” are actually primary sulfide-
silicate melt/percolation fronts

3. Large-scale “breccia” ore bodies may be
extensive percolation-melting networks, not
explosively emplaced volatile-driven breccia

pipes
4. Post deposition sulfide liquid migration plays
a major role in generating orebodies

5. Spatial distribution of textural types can help
vector into and assess potential for high grade
ore
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Thanks for listening! steve.barnes@csiro.au



