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One Hour Presentations

1. A Systems Approach: The 5 Questions
2. Folding & Boudinage
3. Shear Zones, Fractures, Breccias and Veins.
4. The Regional Scale - Fundamentals
5. The Regional Scale - Applications
6. Synthesis - The Way Ahead
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Brecciation is common in many
hydrothermal mineralised systems.
HOREG FAR ERA B AR
Typical are the spectrum of iron
oxide copper gold (IOCG) & orogenic
gold deposits.

HBNERIUCIIRAEN K (10CG) & iSWIBIEN
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Crackle brecciation with precipitation of biotite
and gold bearing pyrite; quartz is dissolving.
Grade is 6.24 g tonne!.
fai#ETropicanaf] &
RiERIFEUSEBREEER NE, ARAESBE, mii6.245/
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1
Open versus closed flow systems

HEARANRRSR
2

The consequences for permeability development of
changing temperature and chemical composition

RERUERD SIS EZIRH
3
Brecciation, the process
fAiret, J3i=
A

The role of entropy production in the formation of
giant hydrothermal mineral systems

EXRARRIT R SR RREIEER
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In order to do this, we are going to
define a CONTROL VOLUME

Porosity = ¢
q Permeability = K

This Is a body of rock of length L and cross-section area X with an
Instantaneous porosity ¢, permeability K, and volumetric flow q.

KAL, &Em|EiRAZ, BREFEEP, EEZEK, (iR mqu
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Open versus closed flow systems

4 types of thermodynamic systems

1. Isolated or closed system

IMSZENET ARG

2. Diffusive closed system
i EEI RS

3. Open flow system - controlled by the gradient in hydraulic
potential

HILRRG - ZIKDBEEHERES

4. Open flow controlled system - controlled by the rate of
production of fluid

HilRiER R - Sk hE=EEF
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Isolated System
MIZIFZR

Extensive variables eqg.,
Volume, number of moles
kept constant

[EEE: R, ERYIFRSEE

impermeable Wall

The only evolutionary path such a system can adopt is to
evolve to equilibrium

IE—ESRHIBRERREFRERE
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Isolated System

Extensive variables eg.,
Volume, number of moles
kept constant

Impermeable Wall

If the system is perturbed from equilibrium or begins far from
equilibrium then the path equilibrium may be tracked.

MRARFGERINDHAFHRTFFGRTS, Z2ZEERFERSINSE BB

The path from one state to the equilibrium state need not
necessarily be steady.

M—NIRSEEFEERSRRERBISE
Nevertheless, an isolated or closed system must
ultimately proceed smoothly to equilibrium.
PR, FMAZekEFAI RERE B FRRETI TS
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[N ]

[EEERERIR
Extensive
variables
exchanged with
bath

HETE:
EH, BERISIEE

Intensive variables eq.,
Pressure, Temperature kept
constant

\ impermeable Wali

Diffusive systems must also always evolve to
equilibrium.

I R R N2 EEEEERTS
They follow the same rules for doing so as isolated systems.

a5 RFEEHRAME
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So although not commonly well defined or emphasized, most
considerations of metamorphic mineral reactions assume the
system is isolated or diffusive.

REERER FTABRENNEE, (BXZSHBRT YRMEERIMI SRR

Open flow systems are a completely different class of system.
ANRRRAR— N TEARAENRR

The system comprises an open configuration that can communicate
with the surrounding material with or without constraints on flows of
mass and heat through the system.
ZRRBIE—I"HHEN, ASEAEREIIFEEHTR. RifkkBkies

SR RFHRREFIRTRAILIR,
Such systems evolve to a non-equilibrium stationary state so long
as the flows are maintained and the system can be held far from
equilibrium for the duration of the flows.

AERISE, IMRFRBLRI—NMEEGRS, ERNIiER, RER6EE
BRXEETEFEIRE.
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BRSSPSR

—1_ Hydraulic Potential
Controlled System

|

I IKPIBEEEFI RS |
s - - - - - O .. - —I

Control volume

The volumetric flow rate in this flow controlled system is
Imposed by a gradient in the hydraulic potential.

ExXMRiERIRGR, FRIRERMKIIBEEEELN.
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If the hydraulic head is kept constant, the fluid
velocity within the system changes as the
permeability within the system changes due to
chemical precipitation and/or dissolution.

SRR FIFEE, REARGEENESEE—HFBHFAF N ERMEE.

These kinds of systems lead/zinc deposits are typical
of MVT and Irish as well as some uranium unconformity
deposits
_XERGERMBRIMVTRSR/SE BRI R — SR E S TR PR

- #’-_____.-'
!
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I |
Flows of | l
extensive | Flow Controlled
variables System | :
constant I |
iBIIMIETE | moEFIR SR
S={B%E I

h || || || || K_ || || || ||
Control Volume

The fluid input rate is constrained by the rate of production of the fluid.
A ZZ R HZRRLIR,

Such systems evolve to a non-equilibrium state so long
as the flows are maintained; the system can be held far
from equilibrium for the duration of the flows.
HEBRIGH, RAGRHEE— NGRS, ERDIEP, RAERBERXER

\m S 'l - \'$‘
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We propose this is the S
case for § Hrerothermal
orogenic | wmu=s '
gold deposits | iwtmems - —---d-—___ } Ve
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If the flow rate is held constant
the initial porosity and permeability
of the system, in general, needs to
adjust to new values by mechanical

and/or chemical means to
accommodate the constant flow as
the system evolves.

MRRFEFRIMERCHFIEE, BEERFUETHIESR, IGHAE
EH2EEFEET HRECFNAHITRELIENFEIEE
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For a mineralising system which is
flow controlled to be really large,
processes must continue to
accommodate the relentless supply
of fluid at a given temperature and

composition.
— AN RENEHIRSE L R AL LRK,
i e s AR E AN S TR
This iIs commonly accomplished by

processes such as fracturing and
brecciation.
i I RN A TR S (L S2hk
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The consequences for
permeability development of
changing temperature and
chemical composition

N=

[}

SHWFRSIESEEERRETL
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A fundamental process in open flow controlled
systems is the maintenance and evolution of
permeability.
Filimsi= RANE P IIER S ERMIFRISTHIER
Darcys Law for fluid flow in flow controlled
systems says that the fluid pressure gradient is
very sensitive to changes in fluid density and
fluid viscosity.

moliEH RRERXAERRIE, R EDEENTFHFRGZERF,
ERECAFE 8

Thus in flow controlled systems any change in
fluid temperature or composition is reflected in a
mandatory and rapid change in permeability.

ERGIZFIRER, A RENEHS IR RN
SIEEEAREIRY. BUERIZEI
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~ K O |
V :; ——p+pﬂUdg Darcy’s Law EfERE

K : instantaneous permeability

PR iSIESR

P: fluid pressure &i&ED
MN: fluid viscosity FBEE

pﬂUId fluid denS|tyiﬁW¥},§
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V: Darcy velocity of fluid

AP IR EIEEE



—— TP Y| Darcy’s Law ikFEEE

R X
MN,: fluid viscosity

Psiuig2: fluid density K2 . Instantaneous permeability

BhEE RSB
AP HEE

MN;: fluid viscosity
Kl . instantaneous permeability

pﬂuidl:fIUid density ﬂﬁﬂj%‘ﬁ’-?ﬁ
i EE

N IREPEIESR
V: Darcy velocity of fluid
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Viscosity

AR
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Viscosity of pure water
=
Viscosity x10° Pa s
1.0 .
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General case where density, permeability and
viscosity are different in the two layers:
—RERT, MEFHNZEE. SEFMHEARR

7 0 ui K 0 ui K
V :_(ﬂ_plﬂ dgj_lz_(ﬁ_pzﬂ dgj_z
oz H 0z H;

Case where density and permeability are the same
in the two layers:

YW FAmERNZEE EEEHRBR
op, My op, fluid g ( Hy ]

If % is lithostatic && is 1.1 then % is 1.06 lithostatic
0z Ly 0z
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ZEIKROFEEEIIEN, (BTEAZE1000{EERERIFEIA TP
Absolute increase in the viscosity of pure water for a
drop in temperature of 1 K

/K

_ possibly associated with an
exothermic process
stopping and/or an

- endothermic process
starting

AJRESHFRIIEELEH (Bk)
R I IR tEKER

O Fr N W H~ O OO N
|
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To conclude this part of the talk, it is of fundamental importance to
distinguish between open flow systems that are hydraulic-potential
controlled (constant hydraulic potential) and those that are flow controlled

(constant flux).
XS SN HRRERIEEEMINIEE, fIMXDKOBEIEHRR (1BEKIIBEE)
HEfftRIHEFI R R (EERE)

The evolution of these two types of flow systems is quite different.

XAFRBRRI R AN EER AR
The hydraulic head-controlled systems must adjust their permeability
structure to account for clogging of their porosity by new minerals if the
system is to continue to operate and such adjustments may be solely
chemical in nature.
R FIRRHEETT, WRHELRFEZEECRISESEEMEIT PIEEFLR,
XTHERERAR RN SHFEX
The flow-controlled systems must adjust their permeability structure (and
hence porosity structure) to account for changes in the physical
characteristics (density, viscosity) of the fluid. This can promote
widespread fracturing, veining and brecciation.
ma=HIRN R AR MRARELSEEN (FLISEE) ZIREYIEFE~ERNEN (BE,
HE) . ZHIERLMEHERXTEEZR, KHBiFE.
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Brecciation

The process

kel
gis
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Method of fluid
introduction affects
migration patterns,

HmEiBE
with unfocused flow
(left) resulting in
sheet-like uniform
motion,
SIELCRR () SBRIKRDEIZE)
& focused flow (right)
encouraging turbulence
and migration of
fragments to the
bottom of the box.

LR (A) (EEminfliE TS
FEFRIESR

Hefei University of Technology Overseas Masters Program 2015



Parameters of Interest

* Fluid flow rate
iR

* Rock strength
saEE

* Fluid mechanism: introduced uniformly
or from a point source.
aLE: PR ERB SR

* Boundary conditions: unconfined or
confined.
RS ToBRFI PR
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Normal & Shear bond strengths 4.3e2 | N Qt
After 64 000 steps H E‘E%’
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Example of the effect of varying fluid velocity through
0.1m/s, 0.2m/s, 0.4m/s.

PLEEBESR: 0.15R/F), 0.2K/F), 0.4K/¥
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Jetflow
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Figure demonstrates the consequences of the fluid flow being less than
(veins) or greater than (breccias) the fluid flow predicted through Darcys

Law for a given permeability and fluid pressure gradient.
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Rock strength + damage
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Application of an isolated pulse of over-pressured fluid to the
base of the model
EARBEERENN— PN ZRAK VRS T A
Fracturing occurs ahead of the migrating fluid pulse with
subsequent collapse of the fractured rock into the space left in
the wake of the pulse

HELBERBIRIKTE, ZERESOEMIKMENEESE
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The preparation of such flow regime maps is
fundamental to the interpretation of breccia
textures in the field since one can position a
particular texture within a rock strength/fluid
velocity/porosity field on the map.

EAALIE—1ahaE/ RiEE/ S EREREA— M
FREIBGE, BElltiREEEFEFEIMTRas0EREl
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The role of entropy
production in the evolution
of giant hydrothermal
mineral systems

ERRIRI AR SECHIEEER
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LOSS OF HEAT
AND MASS DUE TO
ADVECTION AND
CONDUCTION

HFXRRESSERSTIRRIER

Size of ore body
proportional to input
of heat and fluid

r XS RFRES LG

SELF-ENHANCING
SYSTEM OF
EXOTHERMIC “REACTION VESSEL”
ALTERATION REACTIONS COMPRISING ALTERATION
4 + MINERALISATION

RERARERMBIRIRRS COMPARTMENT

ENDOTHERMIC

MINERALISATION REE
INITIATED BY 13T+ LEE
HIGHER 2
INPUT OF
TEMPERATURE HEAT+FLUID

=im s | S BRE1

(b)




Such systems are maintained far from
equilibrium as long as the input of heat and
mass is maintained but are forced to
proceed through a number of stages as
either
(i)reactants within the system are exhausted
and/or
(ii) as the input flow conditions (temperature
and fluid composition) evolve.

mims | KR IR ERSHIRERITHEA, XMRFTELS:
LG, (BRASWBFEZHSIHER

(i) REIFERH (%)

(ii) (EAMNGESR (REMRPASY) EE.

I
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Although the transition from one
stage to another is transient the
system ultimately adjusts to a
steady state once a new stage in
development is reached

BRN—I RS — 1T IEERNN, (BR—BE
EBEFEE—NHBHNER, RAEREZSEEIRERT.
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The principles involved in defining these steady states are
outlined and depend primarily on whether the processes
involved are exothermic or endothermic but are also very

sensitive to the local permeability structure.
fa T EMIRSHIEN, ERENRTFIEEE MR,

(B FHERSEEII FE B

Alteration such as the development of hydrous phases,

carbonates and iron oxides are exothermic processes

whilst the precipitation of sulphides and silicates is

commonly endothermic.

3T, HlanEkERNAERE, RERFIXEANRIGRERE, MFECMEERERRY

TUIEE e R AY
An additional highly exothermic process is brecciation.

— I REMERNIERAIREW
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Exothermic processes (such as alteration)
are important since the rates involved are
thermally activated and once they begin
they are self-enhancing.

ERdiE (WI0R3E) JFREE, ERSWHRERNE,
—BHnmeLERIRRER
Endothermic processes (such as

mineralisation) tend to quench the system.

iz (FLi ) FHESLEIERSA,
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Entrqp y production Iftd

Initiation of flow  ioNFIa

Exothermal alteration pAHRT

Brecciation BiGEWX

Brecciation

st

Endothermic mineralisation RSk
ISR 44 /_) ;— Brecciation




The successive development of
mineralising systems such as Olympic
Dam and the Yilgarn gold deposits within
the above non-equilibrium framework for
open flow systems emphasises the
fundamental thermodynamic role that
brecciation plays in the overall
development of these mineralising

systems.
A RFELRR, LEaNOlympic DamIFRTEN B, R
HEFFEER ENFRDERS, EmaRROFESER, AiFE
WIEBAN T RFELPRITER.
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Observed in breccias are:

* multiple sets of veins
 multiple phases of fragmentation
» multifractal geometries
all interpreted as over-printing
in time as well as in space.

AiREhREE:
-Z4HRK
- HATR %
B TLAHIE
LR ARN=E ENES

Hefei University of Technology Overseas Masters Program 2015




1000 2000 3000 4000 1000 1500 2000 3000

Wavelet Transform VT Wavelet Transform

ZEDWE

actal Spectrum

’

N

02 04 06 08 1 12 14 16



Tropicana ‘:' '. {, e
breccia §i% Jai i w A

o STy

Tropicana

fBirs

Wavelet Transform |\ 35ifa Multifractal Spectrum

' e U ZEDIE

1.2 -

1 -
0.8 -
0.6 -
0.4 -

0.2 -

Hefei University of Technology Overseas Masters Program 2015



We seek the simplest
system that will produce
multiple episodes of
brecciation and a
multifractal geometry.

IEREREBINRFEEISTESRIXAY
Airatt R R NATSSIE
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The Problem

R .<

h

/\P=(P,-P)/h

2015




NN

R

How do we maintain yield

throughout the material

for an open flow system?

WF—IFRNFRSR, WS
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For yield throughout the system
and for over-printing, we
require evolution of the
mechanical properties and/or
the hydrological properties, in
time as well as in space.

NFENRFR

EIRNEM, EXREAERZEL

Hefei University of Technology
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The simplest approach, and that
explored here, is represented by the
following two feedback loops
BB ERU TR RISERET
which are based around the evolution of
the cohesion of the material.
HFHENEIRES
If cohesion softening, expect more
localised behaviour than if cohesion
hardening.

RRDERCHELLE IS B S HEEMER
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SiO, BRI EANZDER

saturated

Influx of fluid

into a stressed rock.

y

A 4

Yield | IR

A

y

Decrease in pore
fluid pressure with
volume increase

FLBRETpE,

. FRE

Super-saturated
in SiO,
mm) precipitation

SiO, iF 1 REIE

Increase in cohesion

Cohesion

HHAFIEE )

hardening

AR IS

=SaRMNIRFINZDER

Influx of reactant fluid
into a stressed rock.

A 4

EBE | Yield

v
Formation of weaker
phases such as
biotite or sericite

SN, BIREEEEEE

Decrease in cohesion

AR

Cohesion softening
AR



Fountain Springs, Queensland, Australia

GEEMRK
8 Quartz
matrix

Presumed
cohesion
hardening
behaviour
HENARRDEAER
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Breccia from Tropicana
from P ’ Biotite

Western Australia

HENARERTIERGIER



Because this is an iterative
process, we expect
multifractal behaviour, and
indeed, this is what we
observe.

XE—MEIE, FAIREAZSHDSRAERHHIE,
FedJiAsEtEIRERE 7 IXLE,
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The Model

)

RE

Physical size

1000 metres

itERE

Computational size

>

1000 zones

>

I 100 metres

IIOO zones



DFKNF BN
Mechanical & hydrological properties

Homogeneously distributed 194595

Shear modulus BEiIRE Water bulk modulus k{ffniss
Bulk fﬂOdUWS BEE Water density IKBE
Density =E Permeability s
Cohesion SE=ya Porosity 7 paE

Dilation angle =56

Heterogeneously distributed k194547
Friction angle pEziEfg
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riction angle
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Boundary conditions jh5R&E{4

Applied velocities HEINiERE l

L, : —
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SiO,IFfliRIdEANZENER
Influx of fluid

saturated with SiO,
into a stressed rock.

y

Yield | BB

A 4
Decrease in pore
fluid pressure with
volume increase

USEME. EUEN

Super-saturated
in SiO,
mm) precipitation

SiO, IF1EFN RETIE

A 4

A

Increase in cohesion

e

Cohesion hardening
AR DEL




On yield, cohesion increases from 10MPa to 11MPa
EIRISEE, EEHIM10MPa 1BI0E 11MPa
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yield, cohesion increases from 11MPa to 12MPa
IRIZTE, PIBE/IM11MPa IEINZE 12MPa
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On yield, cohesion increases from 12MPa to 13MPa
BT, WEEI12MPa I 13MPa

B 1 cooE+o7F
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On yield, cohesion increases from 13MPa to 14MPa
EIRSTE, MEEHM13MPa EI0E 14MPa

1 .32 0O0E+O 7
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The ‘behaviour ‘is
multifractal: .and' becomes
more. diffuse with time.
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EBaRMIRIENZNDER
Influx of reactant fluid
into a stressed rock.

v

EBE | Yield

A 4

Formation of weaker
phases such as
biotite or sericite

T ——

Decrease in cohesion

PSS REEE

Cohesion softening
AR
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On yield, cohesion decreases from 10MPa to 9MPa
EIRIZE, H52/1M10MPalEEE 9OMPa
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On yield, cohesion decreases from 9MPa to 8MPa
EARSE, PSEHIMOMPalSIEEE 8MPa
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On yield, cohesion decreases from 8MPa to 7MPa
EIRiTiE, AEHMSMPalEEE 7MPa
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On yield, cohesion decreases from 7MPa to 6MPa
EIRSE, MEEHMTMPIEEE 6MPa
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The behaviour is
multifractal, and becomes
more localised with time.
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Instantaneous fluid flow vectors showing the opportunities for fluid mixing, &
therefore chemical reaction, within at least one of these scenarios.
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This is a reasonable first step
towards modelling brecciation
behaviour.

RENEATE SR AENE—S
Does cohesion softening promote the
development of mineralising systems

while cohesion hardening results in
barren systems?

RRDRAR(ERT RAEHR—TRRE, MARDBHESHRERZNL?
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Changes in viscosity ':'
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Change in
effective
stress
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DEFORMATION
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Data sets from hydrothermal systems.

1

Chlorite abundance =

o T T T T T T
1 50 99 148 197 246 295

(a) Distance down drill hole (m) ———>

Chlorite abundance along a drill hole measured by
infra-red reflectance methods. Salt Creek gold

deposit, Western Australia.

Fractal dimension
"

Map of “complexity” |01 | &
in part of the 0 12-13

Yilgarn craton of b
Western Australia. ® 1516

: H ® 16-17
The figure is a i

contoured map of o B
fractal dimension ‘
(determined by box
counting) of mapped
structures with gold
occurrences
superimposed. -

@ Gold deposit > 1 Moz

— (c) r

Yellow lines show locations of the Bardoc Tectonic

Zone and Boulder - Lefroy Shear Zone (BTZ/BLSZ) in
the Kalgoorlie Terrane and the Laverton Tectonic Zone

(LTZ). After Hodkiewicz et al. (2005).

8.0

-
—T

-
(-3
T

Energy radiated (10" J)
-~
o
Magnitude

sk
E  os GI._.J..lilu
Q. (1] 0 2 e
Q Time {days)
[} 04
=]
o
oy o2
3 \’Lﬂ .\h-ﬁ_,_\_/uu
0 o
0 50 100 150 200 250
(b) Distance along drill hole =——>

6old abundance along a drill hole measured by assay.
Salt Creek gold deposit, Western Australia. Inset:
energy release sequence for earthquakes in California,
1995.

Image of fractures in a breccia from the Tropicana
gold deposit in Western Australia. Bright golden specs
are gold bearing arseno-pyrite grains. Scale: Image is
1.5 cm across base.



Data sets from hydrothermal systems.
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The questions are:

* Are these systems chaotic?

* Are the transitions seen in these systems
continuous or abrupt?

Does the system reach criticality?

 And if so, does such criticality represent Self-
Organised Criticality (SOC)?

* Are the states we see non-equilibrium stationary
states?
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Characteristics of a chaotic system

—PNEERGHIRT R

- Multifractal
Z2E L

* Long Range Order
KEFF
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INITIAL DATA

Chlorite data
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