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Approach

* Hydrothermal mineralising systems are open flow
thermodynamic systems held away from

thermodynamic equilibrium by the flow of heat,
chemical species, fluids, and momentum.

R RRE— M BIRIIRNDERSR, HFRR, WERRE, RIESLUIRIDMESRDFEEE

 These processes are coupled so that non-linear
behaviour is expected.

XETIERIESH, FLUBEEMAEZEIESE
* I explore a systems approach to hydrothermal
mineralising systems, providing computational

examples of interacting processes at various
scales.

IR RANRFARSZ, MUREARRE THIEE(EALTELH)
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AN OVERVIEW OF MODELLING.

The Simulation of Geological Processes as
a Guide to Exploring Scenarios.
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The challenge for geologists is to develop
robust models for the formation of high
quality resources (large tonnage, high grade,
and suitable metallurgical properties) that will
impact significantly on global and local

exploration strategies.

WRFRVHTFHE—HERERESIFNRERE (=X, Smii,
FFiakk)  XERIENCISIRFIE XA EMRTRSE
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It will be increasingly possible to formulate
detailed models at the local, regional and
lithospheric scale.

1HiERER, X, sSHRRENGMEREEIRRIEE

This will drive a shift in perspective away
from the traditional deposit-oriented and
class-oriented approaches to ore deposit
research towards understanding the basic and
common processes that are involved in
hydrothermal systems.

XEHERMERIT FESME, RESHAGED 7ERRRRNEMIISEIEEE
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Arising from this systems, or holistic
approach to ore deposit localisation,
our goal is to develop a scenario
testing methodology that enables
the exploration team to test a
range of hypotheses concerning an
exploration model with the aim of
decreasing the time and cost to
discovery of significant mineral
deposits.

FAINBIRREY —HEFHRWRANGEER, BN XTFEHFERN—RIERR
HATIE, AR RIRXEN FREINEEEHTE
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If one is to develop a quantitative, rather than
qualitative approach to the modelling of hydrothermal
ore processes then it is clear from the start that a

number of difficulties arise from the uncertainties
involved in precisely defining or understanding, at the
time of mineralisation,

KREVEE T iZEZXIRRAI DIEHITEY, —LEEEPETE, £ 2R
* the geometry and dimensions of the ore system,

i RRFERIVARAAFIRT
* the physical and chemical characteristics of the
system, i FREFAIBFMECSISE
* the geodynamic history, ithigznhzmEs
* the processes responsible for fluid flow and

iia e K
» the processes involved in transport and deposition of
the metal species. £EmRSEIEEHITETE
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We chose to adopt a scenario
approach similar to that used
by the Royal Dutch Shell Group
of Companies over the past 40
years.

BIIRAT—EBS=HE RUTF
Royal Dutch Shell 2 BEESZEHI40FE B KBNS X
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Scenarios regarding the formation of hydrothermal ore
deposits are plausible and challenging stories.

They may not necessarily be correct.
KT HRRE R RSB SR AEEHEE, (BrstH AR AER

They are meant to offer several alternative stories that
describe how a particular ore body formed.

CIGEHSEEPR oy E TS st i A5
Each story must be plausible,

that is, internally consistent with all available data, & also

challenging in that there is a deep dependence on the intuition &
geological experience of the people developing the scenarios.

B—MELAPR IR, RN, SHMERERESR—, XtHRE T AMITEISRE
SRR BNE R RE AT RE K
The development of these scenarios by a team helps to create a
common culture and language through which a rigorous series

of exploration models may be developed and explored. They
challenge the mental maps held by the team.

EEXEFNTR, TLASIEE—RIBFRE S EE—MEAILINES.
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Models, Scenarios, & Stories

A

Completeness of information

»
>
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MOST FEATURES IN MINERALISED
ROCKS FORM THROUGH
INTERACTIONS BETWEEN FOUR TYPES
OF PROCESSES.

ricea P EEEERNEEN <

Deformation. 2

Heat. #

Fluid Flow.  R{&iR3)
Chemical Reactions. L& M

H W N =
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HENCE OUR APPROACH OVER THE PAST
DECADE HAS BEEN TO ASSEMBLE
COMPUTER CODES THAT ENABLE THE
SIMULATION OF THESE FOUR PROCESSES,
BRI AEA TIEXTENRRD, SsrhRrmndiRi T,
FIRST
AS SINGLE PROCESSES AND
PROGRESSIVELY, AS COMPLETELY COUPLED
PROCESSES.
BN, ZERHRA T IR AN,
The approach allows industry to have
greater confidence in its exploration
programs

LA S HEXE R EHRN R FEIREERIE
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Geodynamic modelling of the
Century Zinc mineralising
system,

Australia
BARITE 2" SERE R REn S
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Goals

* To identify criteria for another Century
ATHE e TRIRBHET B
* To understand local Zn/Pb/Fe grade distributions

I2f%ZEB Zn/Pb/Fe muRI5 7
* To understand the zoned nature of the deposit

IERFI RIS IS IE

Hefei University of Technology Overseas Masters Program 2017



3 conclusions

* Fluid mixing produces high grade
S A AT i

* Structural architecture enables mixing
MSEERIERISRS

* One must integrate data sets at all scales
to reveal the controls of architecture on
fluid mixing
BAMERENNIE, BEEHRSRAHE
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Geodynamic modelling

+ "Soft"” conceptual models

- based on integration of geological , geochemical
and geophysical data at all scales

BFFARETER, MEMCFRIEEIBLHEIES

- "Hard” numerical models

- provide quantitative evaluation of diverse
exploration scenarios based on the “soft models”

EVERENEMET, RIENARERIISIESTMN
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5 Key Issues

+ Architecture & Properties?
&1 & Bt

+ P-T-1 histories?

P-T-t f5s8

- Nature of Fluid Reservoirs?

I ETFRYERR

* Mechanisms Responsible for Fluid Flow?

iR e )

* Mechanisms for Metal Transport / Deposition?
ERISTERE



The Purpose

* To compare relative effects of varying
- Geometry of the system
RFERLISE
- Initial and evolving material properties
MaiiEEEREIETE
- Burial and far-field stresses
RN FIAN T
* Enables us to assess critical factors for
- Assessing and refining existing models
IR E e BIRE
- Developing new testable models
1R RRRY AT ISR T
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Structural architecture to enable
mixing

* What is the scale of the mineralising
system?

Bl ZARERTA?
* What is the architecture of the system
BEIIR 4
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Scale & Architecture
Rl &kt

Synthesis by industry colleague supplied

- estimates for thickness and distribution of
stratigraphic units

LRt ERTHEER ST
- suggestions for permeabilities of rock units at
time of mineralisation

FRTERKH HAII S R ThYiSIESR
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IMRLEFIIREY
Initial model architecture
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D1, 10% shortening

Century Model Parameters

Initial shortening of 10% from SE to
NW (l.e. bottom of model boundary to
top of model boundary = D1 of Mt Isa
Orogeny = main stage of Century
mineralisation? Fluid pressure
gradient from S of model (~???km
hydrostatic head to provide fluid
drive?)

SE—MEHASEENWELE10% (&L
BRI RS E O FRAE RIEZMHER?
P EDHERERIR (7 ? kmiy
WKL BERARETPIETD)

Deformation (D2) to then shift
progressively to SE-NW of model (if
possible, otherwise will have to do as
two events) to give a further 15%
shortening. Maintain hydraulic
gradient from S or E.

BMER, $ETARBRISERNWE
9815%, RIBEDHEMSHFHERIG

Graeme Broadbent, 1999



What are the basic elements of the

architecture?
SHENEMERRMA?
* Horizontal seals defined by impermeable shales.
FEK R EEIK R
* Faults such as the Termite Range Fault provide
a conduit for fluids.

s b mIMSLL

* Permeable horizons such as the Termite Range
Formation act as the high fluid flow systems.

1BEIKER R AR SR RS
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3D Century models

1. Variations in initial model geometry BEIEHIRRE
- NE-trending faults are vertical EMNEERZ
- NE-trending faults inclined to SE EMRNERTEFSE
2. Variations in material properties IS BT
- Weak, intermediate and strong faults HRZYRESS, hE, 3F
- Weak and competent shale layers naBEetFI1t
3. Variations in far-field stresses N S A

- Maximum compression during D1 - NW-SE JX#;E D1 NW-SE
- Maximum compression during D2 - E-W g K¥fE D2 E-W



Initial geometry of vertical faults
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Ploughed Mtn
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Century Zn-Pb system -

inclined fault geometry
tH43Zn- P Fr-IRSIAE

* Faults relatively strong W BURE s
- Folding dominates BRES

* Faults relatively weak AT D
- Faulting dominates BRES

* Faults of intermediate strength pizssEh=
- Combined folding and faulting BzEHILRE
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45 dipping faults
~15% D1

A5° (i R =




Section 1 Strong faults

Intermediate
strength faults

Weak faults

Model with weak faults







3. What drives fluid flow?
AR50 REn?

Topography generated by the Isan Orogeny drives
basinal fluid flow.

Isan 1EUIEEIAZRE R AZ (R IR T2 B AR Tl
Hydrofracture of H,S, CH,, CO, from

carbon rich shales.
sCIEsHH,S, CH,, CO,7KNER
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Local geometry during formation of the Century deposit.
FZBkE RSB ERILRIEEHS

Cl Pmh5 sandstone

Cl Hangingwall sequence
Cl Siderite alteration

] Mineralisation
] unit3

CI Footwall sequence

Fluid supply up Termite Range
Fault from deeper basinal source

Zn,Pb, SO |
i BB RER G ER 5




Century fluid system supplied by “squeegying” of deep basin
aquifers Hydraulic head promoted by meteoric water input
(height of orogen approx 2-3km above Century position,
giving effective hydraulic head of ~500m-1km?)

M ERZIR
RSP E K ERY
17, KSR
KKV

) -
HIE I B S B S KIR R ~1570Ma’| “O7>

&,
Meteoric water drive interrupted by structuring, Century
fluid cell declines
>~ S~ = DN
\\.ﬁ)/(\,f SX/= N~ [/
S TS
2 e H s N = Century “D2” E-W

-.-.:.:.:.:._._._:_:_:_:_._._._.:.E‘::.:.:.:::::::::::::-':: h\s\\ ~1 550Ma

Inspired by Oliver (1986) and Garven & Freeze (1984)




Decrease in pore pressure gradient from the SE to the NW.
This enhances lateral fluid flow through the model from SE

to the NW.
MSEZINW, ABEEDEEZ MR, RIEREREIHBEASE-NW,

NW

Pore pressure gradient
from SE to NW




Fluid flow vectors associated with critical faults and stratigraphic units in the
Century system

H4Ei REEERIBERTAXRPRNEE

Barramundi
Fault

SE

Termite Range Fault

Lady Loretta



What drives fluid flow?
AR ENiFRAiREN?

Hydrofracture of H,S, CH,, CO, from carbon ri
shales.
= CRERKADERAIH,S, CH, CO,
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Sph+Py,
rare Gn

Sph,Py
Sph,Py
Py

Hanging-wall Sequence Unit Sub-Unit
1.1
Interbedded styolitic sideritic siltstone
& 1 &
black sulfidic shale
1.2
 Thin banded sulfidic black shale Zn-Pb-Ag 2 2
Interbanded black shale/sideritic silstone 3.
3
Stylolitic sideritic siltstone 3.2
~ Thin banded sulfidic black shale Zn-Pb-Ag 4.1
Massive black mudstone L 4.2
Thin banded sulfidic black shale Zn 4 4.3
Thin banded sulfidic black shale Zn 4.5
Sulfidic black shale (pyritic) Py-Zn 4.6

Footwall Sequence




Hydrofracture with folding

BIESKIER
Ploughed Mtn Barramundi

Fault Fault\,

Termite /

.,.:f,':;;.RﬂllgEt Fault

ol

,\_ AL

Provides higher permeability dilational sites for

focussing the fluids
RIUSSEERIKXIY, BFFRISIERE



Hydrofracture with folding and fluid flow
faiE. iR SKDESR




Hydrofracturing within Layer H4s
of Lawn Hill Formation

Ploughed Min Barramundi
Fault

U

o

Green represents

hydrofracturing due to tensile

failure HFKDERS
A9 TR IR

This enhances permeability
and therefore promotes fluid

flow




IKNDEZART

Hydrofracturing patterns instantaneous Darcy flow vectors

NW-SE sections, SW of Termite Range Fault

vertical strong faults Max.
rate 7.0 x 107 m s’

45° dipping strong faults
Max. rate 5.0 x 107 m s




45 dipping faults - 15% D1

Top left: strong faults
Max. rate: 6.7 x 10’ m s1

Top right: intermediate strength faults
Max. rate: 7.3 x 107" m st

Bottom left: weak faults
Max. rate: 5.0 x 10’ m s




4. What are the reservoirs for the
various fluids?

* Pb, Zn in basinal brines. Sulphate in basinal brines.
Pb, Zn 72 itEg7Keh. BRESERTER M BG7K R,

* CH,, CO, and particularly H,S, derived from local
black shales as they enter the “oil-window"

ie. 80 - 150 deg C.
CH, CO, , RHRH, SKEFEFRIBBBRE.
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e inmiiRa- s

COUPLED FLUID FLOW
THERMAL MODELLING
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Local hydrofractore
in Pmk4

Archie

Fault\
prdd

\

thD

Termite
Range Fault

N— \ —

Lady Loretta
) / . ‘-éf Fo¥mat|on

Zn*, Pb™, Fe”, SO’
Fluid overpressured but
with hydrostatic pore
pressure gradient

EEKALBEEDBE TR iaE
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Overpressured fluid in Lady Loretta formation flows up the Termite
Range Fault driven by hydraulic head imposed by Isan highlands to the SE.
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b) 2000C
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d) 2000cC




*E = lllqulzlf;Bﬂ H’Jﬂ.’u-?-*i;u

COUPLED FLUID FLOW
CHEMICAL MODELLING
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Broadbent Model

CH, + SO?-, - H,S + HCO;- + OH-
SiO, + OH- + H,O - ‘H3Si0,"

(after Dove & Rimstidt, 1994)
HCO;- + Me?* - MeCO; + H*
H,S + Me?* - MeS + 2H*

Hefei University of Technology Overseas Masters Program 2017



Unfortunately, the reaction

CH, + SO?%; H,S + HCO;- + OH
has never been observed experimentally at
low temperatures.

We propose
st + 202 - 2H+ + 502-4

as the important reaction that controls
pH.

Hefei University of Technology Overseas Masters Program 2017
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Frecipitation of Pk USER FUNCTION
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Conclusions

Models predict that Century is a zinc ore body with minor lead.
IRBIFGI, L RE— 2 E0AYEFEN R

Metal grades could develop in 2 to 3 MY

EREEKRETF2ZI3FHF

Models predict that pyrite, not pyrrhotite, is the iron sulphide.
TREIFRNAE R RYSATRAC D E S RT oA ST TRE

Models explain shape of ore body and cross cutting relationship.
IRBIRERE T W ISR IR X R

We have not yet added carbonates to investigate siderite
distribution.

RIFRIINRESER IS IE RIS 10



Conclusions

- Topography generated by the Isan Orogeny drives
basinal fluid flow.

IsaniS LIRS A= RSt AZ AR BN it P A i)

* Horizontal seals defined by impermeable shales.
AREEEMNRERM T KRR

- Hydrofracture of H,S, CH,, CO, may occur from
carbon rich shales.

IKTIEZAIH,S, CH,, CO,AIREREBMNECTE




Conclusions

* Faults such as the Termite Range Fault provide a
conduit for fluids.

EER I T AiREIE
* Permeable horizons act as the high fluid flow systems.

BEZEENEERNERIRINRA
+ D2 closes the system off.

D 2SRkl R FRIKH



3 Conclusions

* Fluid mixing produces high grade

i ey 94 LT v

» Structural architecture enables mixing
BEEISRERRES

* One must integrate data sets at all scales to
reveal the controls of architecture on fluid
mixing
mRIZRETESH
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