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Mineral The Why Question
SyStem S WO I k Why is the orebody
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Inputs from:
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Fluid reservoirs
Flow drivers & pathways
Deposition
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The Where Question

Where is the next orebody?
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The 5 Questions

1. What are the geodynamic and P-T
histories?

2. What is the architecture of the system?

3. What are the fluid reservoirs?

4. What are the fluid flow drivers and
pathways?

5. What are the metal and sulphur transport
and depositional processes?

Developed from inspiration provided by Tom Loutit
by (amongst others) John Walshe, Alison Ord,
Bruce Hobbs & Greg Hall in the AGCRC 1997-98
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How do the 5Q help?

 Mineral System focus

 Away from Source - Transport —Trap

— Ignores geodynamic and geological context, mixes
fluid, metal (and sulphur) sources, implicitly links fluid
flow drivers and pathways and finishes with erroneous
concept of traps

* Integrated framework for understanding
ore deposits
 Concentrate on processes (not deposits)

 Provide the framework for a systematic
approach to analysing prospectivity and
exploration risk

predictive mineral discovery Cooperative Research Centre &*
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Talk Outline

« Why do giant ore deposits form?
— Phenomenological approach

* A set of 5 necessary, sufficient
and independent factors

* Fluids in Mineral Systems
 The 5 factors

 Implications:
— Exploration risk analysis
— Research and numerical simulation

predictive mineral discovery Cooperative Research Centre &




Why Do Giant Ore Deposits Form?

..because a lot of the appropriate
mineral(s) precipitate

12 --H; So what controls mineral
precipitation?
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Fundamental Relationship

Rate of
Rate of Gradient

. of P, T,
C

Fluid change of
velocity - 2 solubility
with P, T, C

mineral
deposition

Bl Maximisel) -

After Phillips, 1990, 1991 &
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Gradient In
hydraulic
potential




| '; f! SO .......

Quantity of Ore is a
function of:

1
&

A. Gradient in hydraulic 9 Ollastlons
potential :w « Geodynamics
B. Time <« e Architecture

C. Permeability

7
/// * Reservoirs

D. Solubility sensitivi

with P, T, C ‘ Z'?W paths &
E. Spatial gradient of P, rlvers. _

T,C « Deposition
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The Largest Ore Deposits Form...

When and where Drivers; Geodynamics

— Gradient in hydraulic potential
— Permeability . =

— Solubility sensitivity to P, T, C %Aﬁiﬁﬁjﬁf{ﬁ{‘;;]
— Spatial gradient of P, T, C Geodynamics

:r Pathways; Architecturej

have all been maximisw\[”%ﬁiffﬁrfre’j

over prolonged period of Deposition

tl me Geodynamicsj
predictive mineral discovery Cooperative Research Centre &
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Fluid Sources: 1

Hydrosphere and Upper Crust:

e Meteoric, including bitterns

e Basinal, including compactional

* Fluids liberated during diagenesis

Compaction-driven
flow through matrix 3
(intergranular) 4 t 4

T
T

[ 1 Ductile rock
[ ] Brittle rock

Overpressure

Flow along fractures T Matrix flow

Fracture flow

From Bijarlykke & Hgeg, 1993 Subsidence
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Fluids in Basins: Gulf of Mexico
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Summa, 1991

arrison &

e Mesozoic-Recent sedimentation
 Up to 10 km thick — rapid sedimentation
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Fluids in Basins: Gulf of Mexico 2
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Harrison & Summa, 1991

 Modelled distribution of lithologies
« Based on drilling and seismic data &
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Meteoric flow
region

Vax = 68 cmfyr

Compaction flow region

Ov@peepsessigeadistibutiddPa m

Vinax = 6.5 cmlyr
Harrison & Summa, 1991

« Good match with present day observations
 Overpressures dynamic — not related to

overt seals &
predictive mineral discovery Cooperative Research Centre
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‘ ‘Tracklng Upper Crustal Fluids using Chemistry
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4 * lIrish deposits . .

and prospects S-rich Brine o
. 5 ilution by sea
o « Two fluids _ ;- water
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: water © Ssilv. Garryard
present; one . < s |
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Gleeson et al., 1999
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« Complex patterns

— Most saline fluids represent sea water evaporated to
beyond halite saturation at surface

— Others represent diluted bitterns
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Fluid Sources: 2

Granite in the Karakoram Mountai

Mid Crustal and deeper:
e Metamorphism
« Magmatism

e Mantle and other sub-
crustal sources

 Timing and fluid budgets

predictive mineral discovery Cooperative Research Centre &
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Granite maximum bound water
content

Instantaneous flux Time-integrated flux baseoat 40km reaches
160 [~ 1200°C

e Monitor flux at different
depths in
homogeneous crust

*  Fluid flux decreases

Flux {m’/m‘/s}

Integrated flux {m?*/m’)

i — with time as steady
N 5 state re-established
L N T T R R and water lost
° ° 1DTilmlsl'\ll T ED * * ’ ° 1DTime15M T » ® * — MOde"ing by Heather
= . Sheldon &
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Regional heating
Max. = 1.04 x 10* m%/m?

Static devolatilisation

2 Upper c_r_USt?I ontours of shear strain
devolatilisation _
fluxes Fluid moves ¥/ Downflow (due
towards shear to extension)
focussed — \, zone — on edge
possibly " i ionef
enough \ 4
'+« Extension
leads to
downflow but 355'3.“)” (due to
facilitates '
mixing

Devolatilisation during extension &

predictive mineral discovery Cooperative Research Centre
Modelling of Heather Sheldon & Yanhua Zhang
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Crustal Fluid Sources
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Sub-Crustal Fluid Reservoirs
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 Fluids are only available at certain
times and places in the geological
evolution of an area

o ‘Surface’ fluids (basinal; diagenetic)
transient unless a pathway is created
to sealed compartments or the surface

e Fluxes?

predictive mineral discovery Cooperative Research Centre @




A Creating Hydraulic Potential Gradients

Topographic relief

* Fluid pressure changes induced by
deformation
— Compaction is a subset of this

 Convection induced by thermal or
chemical buoyancy

* Fluid pressure changes generated by
chemical reactions

— Diagenesis, hydrocarbon generation,
metamorphism

 Pressure gradients generated by
fluids released from magmas

A : : | After Bruce Hobbs @
predictive mineral discovery Cooperative Research Centre -
pmd " CRC




Upper Crustal Fluid Migration

« Salinity distributions imply a

lack of convection Salinity wt% NaCl
— And real difficulty in 1 2 3
establishing it ' ' '
’ e 1
oo,
50 . £
£ s E 3
= T =
= 1000 ) §
= L) m. o 4
1500 VLI
Canadian Shield 3 Haltenbanken
2000 . '
1 10 100 1000 6 L Northern North Sea
TDS mgll
Deming. 1994 Bjorlykke & Gran, 1994
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B, C. Pathways

Permeability maximised over time
where:

f * deep structures can be
" repeatedly reactivated

e structures intersect




2| 1. Permeability Creation
S — Deformation
 Extensional and compressional

— Increase in porosity due to reaction

2. Permeability Destruction

— Compaction (not just in basins)
— Decrease in porosity due to mineral precipitation

predictive mineral discovery Cooperative Research Centre &




Permeability Values

Fracture Aperture 1 um 10 um 100 um 1 mm
D —— D — D — D ——
Fracture Spacing 1m l1cm Im l1cm Im lcm Im lcm
>
: [ . .
KTB- ¥ KTB- Shear Karst limestone _ Advec“ve/
baCkground zone— permeable basalt COI’II:\I/eCtlve
ow

— fractured ign/mm rocks —

___limestone &___
dolomite
i sandstone

R O TR OUE NN OEY IR NS 5N 3 Om
o OEE EE NN R BN R

g
- — — —— unfractured ign/mm rocks .__g.__ﬁ Estimate of seismogenic
shale : ’ permeability from
fault core gouge B i microearthquake migration
| | | | | | 5 5 | | | [ I I | I
-23 -22 -21 -20 -19 -18 -17 -16 -15 -14 -13 -12 11 -10 -9 -8
10 10

Permeability (m?)

Based on Rowland & Sibson, 2004

Data from McDermott et al., 2006 &
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Fault Permeability and Rock Type
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Initial Porosity

 Ductile regime — variation in permeability with lithology
» Brittle regime — variation in permeability with porosity
 When do fault permeabilities depend on host lithologies?

predictive mineral discovery Cooperative Research Centre &
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* Permeability of plugs from Kola borehole &
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CENTRAL WESTERN
NEVADA UTAH
. ~200 miles (325 Km) S

— i ————
OCCURRENCES OF GOLD O
SLOPE AND BASIN
SILICICLASTIC CONGLOMERATE
SILICICLASTIC SANDSTONE

B,

Deep Structures
seen in Geophysics
as well as isotope

data etc. &
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| Great Basin: Architecture

o=
’
1 i
||I'I ¥

118° 116°

40°

Horizontal-gradient magnitude (HGM) Bouguer gravity minus basin effects, up 5 km
From Grauch et al., 2003
e predictive mineral discovery Cooperative Research Centre &
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Great Basin: Geodynamics

42°

118°

116°

Oceanic crust

Transitional crust

Continental crust

Dense crust

Tertiary Magmatism

Acid
- Intermediate-Mafic
o  Carlin-type
deposits

After Grauch et al., 2003
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Lawn Hill Platform
Leichhardt River

Recharge Fault Trough Mary Kathleen,
domain Mitakoodi and

’ Marimo

Soldiers Cap Group
Kuridala

Lateral penetration
controlled by diagenesis -
extent of early
dolomitisation?

Extent of vertical migration
controlled by ‘CamClay’
behaviour — diagenetic control

Cloncurry Fault



D. Solubility Sensitivity - Temperature

0.0045 1.60E-04
— dZn/dT "
0.0040 ' \onigT /\ -+ 1.40E-04
0.0035 + dCcu/dT / | -+ 1.20E-04
|—
0.0030 / | 1.00E-04 B
5 0.0025 =
g / | 8.00E-05 ©
5 0.0020 )
0.0015 / + 6.00E-05 &
. ©
0.0010 /  4.00E-05
0.0005 /) — - 2.00E-05
0.0000 ‘ / ‘ 0.00E+00
100 200 300 400 500
Temperature

« Solubility of Zn (sphalerite), Pb (galena) and Cu (chalcopyrite) at 1 kbar
— pH controlled by K-feldspar-muscovite-quartz
- 28=0.01m

— Redox controlled by haematite-magnetite @
predictive mineral discovery Cooperative Research Centre
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Solubility Sensitivity - Temperature

0.16 0.0005
0.14
TE) 0.12 0.0000
> 0.10 | -0.0005 I'E
E 0.08 + O
3 0.06 \\ - -0.0010 ®©
o — 4.5m NaCl
m L
0.04 N dC/dT 4.5 '+ -0.0015
0.02 S
0.00 » » p— -0.0020
100 200 300 400 500
Temperature C
e Cain solution controlled by Anhydrite at 500 bars &
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Solubility Sensitivity - Pressure

E-04 .0E-07
6.E-0 —— Total Zn 3.08-0
5.E-04 — dzn/dP 2.5E-07
__ AE-04 + 2.0E-07
© S
E 3E04 -~ 15E-07 &
c N
N ©
2.E-04 - + 1.0E-07
1.E-04 | + 5.0E-08
0.E+00 T T T I I T 0.0E+00
0O 500 1000 1500 2000 2500 3000 3500
Pressure bar

» Solubility of Zn (sphalerite) at 250°C

— pH controlled by K-feldspar-muscovite-quartz
- 28=0.01m

— Redox controlled by haematite-magnetite &
predictive mineral discovery Cooperative Research Centre
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Solubility Sensitivity - Pressure

'H

N

0.14 -8.E-10

VA 0.12 // -7.E-10

B < 0.10 | 6.E-10
b ‘ 2 08 / | 5E10 o
7 e E  -4E-10 S
paa, B a 0.06 - g

= . = - -3.E-10

< 0.04 - | 5E10

0.02 /2 — Au solubility 110

/ — dAu/dP
0.00 I I I I I O.E+OO

- =

0 500 1000 1500 2000 2500 3000
Pressure bars

e Solubility of Gold at 300°C
— pH controlled by K-feldspar-muscovite-quartz
— SS§=0.01
— Redox below Haematite-magnetite
— Gas allowed to escape once formed &
predictive mineral discovery Cooperative Research Centre
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Solubility Sensitivity - Chemistry

0.60 0.4
0.50
/ -+ 0.3

0.40 /
- /_/ .
0.20
// | 01
0.10 //

I I I I I 0.0

0.00

dC/dCl

Total Zn mol

0 1 2 3 4 5 6
Total Cl mol

» Solubility of Zn (Sphalerite) at 1kbar

— pH controlled by K-feldspar-muscovite-quartz
- X5$=0.01m

— Redox controlled by haematite-magnetite &
predictive mineral discovery Cooperative Research Centre -
pmd~CRC




P, T, C Gradients and Deposition

« Temperature gradients

— Steepest near surface or around igneous
centres

 Pressure gradients
— Greatest (transiently) in dilation sites

e Can induce unmixing

« Chemical gradients
— Fluid-rock disequilibrium
e Due to both temperature and compositional effects
— Fluid mixing
» Efficacy demonstrated e.g. in Ireland

predictive mineral discovery Cooperative Research Centre &




Z: -7.500e+003 Z: 0.000
Dist: 8.320e+004 Mag.: 1.2

Ang.: 22.500
[ ]
Block Group
patial Gradients g~
n fault
conglomerate
cold granite
- greenstone
T L
Ang: 22.500 R
Zong Exfra |
Hagtas = 100064000 Z'::’;iz"? uloue+u o
Average Calculation Raince R

27902013 to 1.0000-010
2.0000e-010 to 3.00002-010
4,0000e-010t0 50000e-010
6.0000=-010to 7.00002-010
8.0000e-010to 9.00002-010
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1.6000e-009to 1.7000e-009
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2.0000=-009t0 2.00002-009
Interval = 1.0s-010

-1.4763e+005 to -1.4000e+005
-1.10008+005 to -1.0000e+005
-7.0000e+004 to -6,00002+004
-3.00002+004 to -2.00002+004
1.00002+004 to 2.0000e+004
5.0000e+004 to 6.00002+004
|| 9.00002+004 to 1.0000+005
|| 1.30002+005 to 1400024005
1.70002+005 to 1.8000e+003
2.10002+005 to 2.2000e+005
2.5000e4005 to 2600024005
2.9000e+003 to 3.00002+005
3.3000s+005 to 3.40002+005
3.700024005 to 3.8000e+005
3.9000e+003 to 3947424005
Interval= 1.0e+004

Flow Vectors

Itasca Consuiting Group. Inc.

Minnzapolis, MN US&

Dist 832064004 Mag: 1.1
Ang. 22500

* Yi Iga rn late o
basin models of
Yanhua Zhang

— Plots generated specially by o Verto

-4.20006-005 to -4.1000e-005
Maximum = 64812-009

-3.8000-005 to -3.7000e-005
Heather S heldon Itasca Consulting Group, Inc.

-3.40002-005 to -3.3000e-005
Winnsapolis, MN USA

-3.0000-005 to -2.9000e-005
2.60008-005 to -2.5000e-005
000¢-005 to -2.10008-005
1.80002-005 to -1.70002-005
1.40002-005 to -1.30002-005
-1.00006-005 to -9.0000e-005
-6.0000e-005 to -5.0000e-008
-2.0000e-008 to -1.0000e-006
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Spatial Gradients In T, P & C

Yilgarn granite

convection models factor of ~10°

run by Julia

* Velocity varies by a

VP and VT change by

Blockeel ~10
— Plots generated specially by Soatial
Heather Sheldon Spatial | Solubility Senﬁt;\a/it
Gradient | Sensitivity it y

mol m

P (Zn) | ~10°Pam | 10° mol Pa"' 10-6

P (Au) |~10°Pam?|10"*molPa’| 10-12
T(Zn) | ~102Km" [2x10°mol K| 2 x 105
T(Au) | ~102Km" [3x10° mol K| 3 x 10-11

predictive mineral discovery Cooperative Research Centre
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Spatial Gradients In T, P & C

 Reactive transport model of James Cleverley

Gold
ﬁmoo Iﬂ‘;{%oo jN‘JWQOOO




jf

 Upwelling plume has
elevated VP and VT
and correlates with
gold

—Which is more
important?
*Consider dAu/ dP and
JAu/ oT

—What about chemistry?

34EN8 g0
2.2E-008
6000
1.8E-008
009 4000

2000

8000
6000
4000

2000

Spatial Gradientsin T,P & C

T T T T T T T T
2000 4000 6000 8000 10000 12000 14000 16000 18000

predictive mineral discovery Cooperative Research Centre &
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/ @@@ AP P P D D D D S
~ * Gold solubility in model dominated by AuHS,:

Au(HS) + 0.5H,0 — Au + H,S + 0.250,
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Spatial Gradients In T, P & C

: . Spatial
Spatial Solubility patia

Parameter : .. .. |Sensitivity
Gradient | Sensitivity y

mol m
Pressure 0.008 bar m! |7 x 10-'2 mol bar'| 5.6 x 10-14
Temperature | 0.026°Cm*' | 1x10°mol°C | 2.6 x 10-11

HZS 2.5x 106 mol m-1|2 x 104 mol mol'| 5§ x 10-10
02 3 x1035 mol m-! |1 x 1027 mol mol'| 3 x 108

Au(HS) + 0.5H,0 — Au + H,S + 0.250,

predictive mineral discovery Cooperative Research Centre
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Real World Spatial Gradients

& » Gulf of Mexico, onshore Louisiana
10 1 |

P

Salinity g/l

DEPTH, km

Hanor, 1994 &
predictive mineral discovery Cooperative Research Centre
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Real World Spatial Gradients

Sirius
porphyry PES

4800 4840 4SB0 4920 4960 SO00 040 SOBD 5120 5160 5200 5240 538U S3M S0 400 S4dD° S4B0 5520 5560 600 S640
400 2420 2440 460 2480 2500 W 240 2560 28O W00 26X H40 Eagsmsw;ami?ﬁc‘hfm 270 P 2760 2790 23;:30 zslzc.

| | | | | |__Conqudror Porphry |__Repuisk | |Nautilus | gritannia | Siris | Africa IFLE\BSt | exendion | |
Y T % T E T N

From Y3/Y4/MERIWA team

 Redox state (coloured dots) varies with

proximity to zone of intense porphyry
intrusion
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B, D. Maximising Time....

Steep gradients in P, T (& X) are
typically transient

Unless the location is...

— near surface
— subject to repeated igneous activity

— experiences repeated breaching and healing
of seal

— undergoes repeated deformation-induced
dilation effects

— possesses a stable hydrology

predictive mineral discovery Cooperative Research Centre &




How Is This Relevant to Exploration?

 Provides an alternative view of
critical parameters for ore

formation

— Gradient in hydraulic potential
— Permeability

— Solubility sensitivityto P, T, C
— Spatial gradientof P, T, C

— Timing & duration

predictive mineral discovery Cooperative Research Centre &




Fluid Sources

« How many are significant?

-
- L ~a

e

_-- ﬁXtehSi_\ﬁa

Karakoram Mountains

* Anttilsainlier-Cu=D8:timing indicated

predictive mineral discovery Cooperative Research Centre
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Risking

 This analysis yields explicitly
necessary and sufficient independent
parameters suited to use in
Bayesian risk analysis

P=P,XP,XP;XxP,...
(c.f. Lord et al., 2001)

2N

for any one system
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Some Lessons

‘X "« Role of reactivation and other
f inherited architectures (facies &
permeability potential)

e There are less variables than at
first glance — fluids available only
at certain times
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Further Lessons

e Much
information
already exists
on the
behaviour of
basinal
systems

e We must use it!
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Excess fluid p

(cess _re.ssureMPal_F TemErat_urg_____"C | Permeablllty
= Evolution

n=1
m = 1x10"2pa !

Depth (km)

Compressibility
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1x 10" Pa!
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« Fault permeability varies Excess Temp Excess Temp
with fluid pressure w
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In Summary.....

Amount J‘ Kpg  Hydraulic . z( Solubility, Spatial ).dt
y of mineral 1 Gradient sensitivities Gradients
* Critical factors for forming a (giant)

ore system:

—Gradient in hydraulic potential ~ PRIVER
—Permeability ARCHITECTURE; PATHWAY

—Solubility Sensitivity * ”
—Spatial gradient of P, T, XARCHITECTURE; DEPOSITION
—Maximum duration GEODYNAMICS

*This will be zero if an appropriate fluid is not present!
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Another view of the 5 Questions

 Geodynamics

 Architecture

1 « Reservoirs [controlled by

. » Flow paths and drivers[“'9'0‘;?1"‘”‘t

| » Deposition [ function of
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This Means....

 The processes of ore deposition
are a culmination of normal earth
processes — it is their
coincidence that leads to
mineralisation

« Effective understanding must be
based on the geology of economic
deposits, and not economic geology
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