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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
We explore a systems approach to hydrothermal
mineralising systems, providing computational

examples of interacting processes at various
scales.
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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,
FFiahk) LRI EIXFIEX IR
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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
HATINE, LARD ZIRAEA FRAVATEIFNE &iHF7E
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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,
KEVES S ZEZXRBRAIT TIEHTIRE, —LEEEMETE, ERE &LErR
“» the geometry and dimensions of the ore system,
*  THRRERFENLARRTIRT
<> the physical and chemical characteristics of the
system, i FREFAIBFMECSISE
<» the geodynamic history, itbzkznizmeE
» the processes responsible for fluid flow and
O 11 SO
> 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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Completeness of information

Models, Scenarios, & Stories

Clarity of understanding
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MOST FEATURES IN MINERALISED
ROCKS FORM THROUGH
INTERACTIONS BETWEEN FOUR TYPES
OF PROCESSES.

ricea P EEEERNEEN <

Deformation. ZJ¥

Heat. prt

Fluid Flow.  R{&iRs)
Chemical Reactions. {LZ KM

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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SCALE INVARIANCE IN
STRUCTURAL
GEOLOGY

IS RRRITREAE T

SIMILAR
STRUCTURES AT ALL
SCALES

SHRETHEUSAE
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Boudinage and migmatization of gneiss during exhumation e L. Labrousse et al. Terra Nova, Vol 14, No. 4, 263-270

W N Hornelen Basin H.D Upper Unit NSD. E
N v e T == —
#_——*f__i — - —= = = = —— - : K@
NSD mylonitic ™ “ﬂ“‘x&_\\_: e — ~er— . W.G.R.
T T = — P
mega-shear band P e .
10 km = o - e Ui
—— Syn-stretching partial melting ‘B:?nd Stra]

Almlklovdalen Peridotite
Flatraket Granulite 10 k m

Végsey Granulite I I

Fig. 3 Unscaled schematic cross-section showing the different areas and structural relations on a restored vertical profile. The core
of the crustal boudin contains granulites and eclogites (black pods), Stadlandet, Vanylven and Volda are partly migmatized rims
sheared to the west with amphibolitized eclogites. The Hornindal shear band is the symetrical limit of the boudin. On top, the
ductile shear band associated to the NSD crosscuts these structures to the west.
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Viscosity [Pas]
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THERMAL-MECHANICAL FOLDING
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After (50 % shortening

12 km

Thermal expansion
included

MODEL SETUP

Length scale associated with shear zone development = (thermal diffusivity/strain-rate)/2
= (106/1019)12 m = 1km



SENSITIVITY OF
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Plot of strain

Note zones of localisation
in folded layer










[ Extension of a Feldspar layer in Quartz (before: 3.3x12 km; after: 13.2x3 km)
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Deformation of multi-layer
sequence; Newtonian viscosity ‘

SEERF: FithE Reaction-deformation coupling RMNERIES

Extent of mineral reaction
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Brecciation

The process
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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
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Parameters of Interest

» Fluid flow rate
iR 7
“* Rock strength
a0EE
» Fluid mechanism: introduced uniformly

or from a point source.
S HEl: I ERB SR

» Boundary conditions: unconfined or
confined.
WA FoPRHI R PR
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Normal & Shear bond strengths 4.3e2 | N t
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.

IEEEER: 0.1K/F0, 0.22K/F>, 0.4K/%
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Jetflow
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Investigations reveal a
cohesion-fluid flow rate
relationship where rock has

= I I R

the capacity to break into i \\ 1A
breccia-resembling pieces {ys?é -
in terms of size and/or 2 it
shape. i
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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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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.

EI?:'J'JUT —AEEEEF_ / uuMSLr_ / ¥LI!§F' %.':FiE{J.—A!Iv
FRRVSGE, EULiTEREEEEREIMIFaESIERIEH
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Hefe

Application of an isolated pulse of over-pressured fluid to
the base of the model
EARBEERENN— P N ZRX 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

=L BERBIRIKTE, ZERESEMIKMENEESE
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Understanding an
Evolving Orogen

—Olary-Broken Hill conceptual model {&iEay
—-numerical methods &%
—modelling results BIREE R

Hefei University of Technology Overseas Masters Program
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Modelling Results

e dry models FiRE!
e parameter experimentation {5018
e saturated EFIH

e compare to conceptual model SiiSEEINIEL

Hefei University of Technology Overseas Masters Program 2015



Olary-Broken Hill Tectonic History

e large-scale
extension

ARE®RE

e regional
shortening

X1k E48

e propagating
overthrusting
IS

e fluid generation
and migration

FEERBHIEE

e end of orogeny ->
melting, end of
significant fluid
generation and
migration
SllkEREIE, K
MR F-ERIE
eIk

Adelaidean

Willyama
Supergroup

Oceanic
crust?

Sialic crust

lithosphere

F—
- Mantle
|

Asthenosphere
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Olarian Orogeny
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Numerical Code

e geodynamic processes (tiRahFiHiz)
e folding, thrusting, subduction ({8, EE, (i)
e partial melting of mantle (ithig3F5155)

e resultant fluid flow (Eidixzh)
e large (unlimited) deformation (X/FERaIZH?)
e viscous fluid (F&HERE)

e particle-in-cell-code solves finite element
equations on a grid (ERMEEREEFMIEMNERTHE)

e moveable integration points advect information
(BHRPD RESER)

Hefei University of Technology Overseas Masters Program 2015



Experimental Box

e air layer: negligible viscosity 2> no interference
ESE: BEUZE, TTH

e brittle upper crust: high viscosity, yield law to simulate
brittleness

MetE L. SHE, EFERENIRINEIEMR
plastic lower crust: low viscosity, some stress dependence
BIYETIT: (KHE, —ERIRDIKEHRTE

c,,=0

O, =
VI=vp=0
v>0

Vi=vp=0

G, = I = Tbase



Experimental Box

— boundary conditions (iB5R%4¥) : -shear stress E{FEEIR
-temperature BE
-pore pressure FlLIE
-initial strain perturbation ¥JiENZEHiEN

O,, = C,, =
VIi=Vp=0 VT=Vp=0
v=>0

G, = T = Tbase



Crustal Strength

A described by viscosity (¥Esiz)

e limited by vyield curve - effective viscosity
ZIRFERMZ > BUHE

0

depth

lower crust

1

So

maximum viscosity



Dry Model Experiments

e Low viscosity contrast between layers

EIREFEELL

e High viscosity contrast, high yield strength
EHELL, SEREE




Dry Model Experiments

e large viscosity contrast between crustal layers, lower yield
viscosity (blue = shear zones)

h=EEHEILRS, REEME (56 = BF)




Addition of Pore Fluid

e effective stress HRIEHD

solid stress + fluid stress

= solid stress + pore pressure
S| + i IED

= B ED+FIRESD

Hefei University of Technology Overseas Masters Program 2015



Addition of Pore Fluid

e porosity evolution FLIEEELS

Porosity ¢ depends upon bulk solid volume changes

FLBSE PHVR FEHMAFFRZE

Hefei University of Technology Overseas Masters Program 2015



Addition of Pore Fluid

e permeability evolution (BEZFEIE)

permeability k = k(¢,¢,)

(plastic strain dependence - dilation angle)

(BBTERI3ERH> BRKA)

Hefei University of Technology Overseas Masters Program

2015



Physical Assumptions

e connected pore network FIERIZEE

e saturated medium @HEN

e fluid flows according to Darcy's Law fiRonEEAfmER
e ignore capillary pressures ZIEEHSE

e incompressible solid
319 N R R T

e no thermal strains in the solid E{FpFTHMNIE

Hefei University of Technology Overseas Masters Program 2015



Pore Flow

e extension + compression {HE+5E




Pore Flow

e extension + compression {HE+EE

Weaker bottom layer (no flow vectors)



Pore Flow

e initial drawdown during extension

- ([MERIER, iRAE TR

fei University of Technology Overseas Masters Program 2015



Pore Flow

e flow down faults (blue) during extension

- (HRIEER, ATREEE

- (RN . _ ,
r + . Figure: B. Davies,

A Q Normandy Mining Ltd.




Pore Flow

e flow up (blue) faults during compression

BrEdiER, RidEkhER iR




Pore Flow

e influence of topography

S5

Competing effects of
upward flow from
compression and
topographically driven
downward flow

P ESHIIR_ EEmaiEes
 HASIEIR TSRS
ULEEE S




Next Steps

e anisotropic dilation angle effect
=Lz a RS 9 AT

e anisotropic permeability development in shear
zones

S PRISERZARE
- fluid flow seals
> FEMREEIA
e fluid boundary conditions need to be carefully
considered

MEE BRI BRFM
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Conclusions

e code is a tool
TBEEIR

e reproduces qualitative features of conceptual model
SR SRE PR E IS

e extension - fluid channelled towards and down faults
{BFE - TS EEER L TiE

e compression - fluid channelled up faults during
reworking of domains

BtlE -RiSEEERR LS

Hefei University of Technology Overseas Masters Program 2015



Numerical technique:

‘Rheological model:
VISCO-EELASTO-PLASTIC

IITIREL: RRIREEME

Stable mineral assemblages are
computed based o thermodynamic data
and Gibbs free energy minimization
(Connolly & Petrini, 2007) as a function

of Pand T

ISERNIYAS: ARiERDF SRR SHETEmEE
(ECnPHITRIEOERLY) iHESEE.
‘Hydration and water migration: Dehydration

reactions and associated water release are
computed based on the physico-chemical
conditions and the assumption of
thermodynamic equilibrium. Expelled

water is stored in a newly generated water

marker that moves independently
IKEERFIKIETS: Bk RBFITEXKRIEI AT EF IR SR
HHRDZEEREITESE, BIRKEFE—MhERAIK
iR, FHEAETBMIZIEE

Changes in topography - account for

the effects of erosion and sedimentation
Hizpk3E: EEE TR

Density

Pmax

I2ELVIS

LAPEX-ZD

Microfem

SloM




Numerical technique:

‘Partial melting - For a given pressure and
rock composition the volumetric degree
of melting M, is:

aRokaRt - WFLEREDN S0EMK, ERRMOERRER:
My=0 when T < T .-

Pmax

M, = (T - Tooians) / (Tliqujdus - Tigtiaus) When T ,< T < anmdw

M, =1 when T > Tyquigus-

-effective viscosity is calculated using:

1-M0.48
n=mnpexp[2.5+1-M )(T) ]
no= 1013 Pa:s - molten mafic rocks,
no=5x10!4 Pa:s - molten felsic rocks

‘Melt extraction and intrusion - when melt
fraction exceeds 4%, only 4% remain in the
source, markers track the amount of extracted
melt. IBIBZEEFIEN - LIBIHIBIE4%, RBEA%HIEIHFEER
, {FCEEIEXIZ=ANRIMIEHITIEER.

Extracted melt is transmitted instantaneously
to emplacement areas: ZFEVRIIEISENRHEAL
intrusive rocks 80% of melt EA&80%i&(H
extrusive rocks - 20 % of melt EHE - 20% &

Density
] m
Pmin

Tmax Tmin Tmax

Mineral assemblages

Microfem

0 5 10 15 20 25 cm
Gale TVD

108 102



A movie demonstration of this software.

2 scenarios

1A: A weak zone dips to the left (movies 1 and 2)

1B: A weak zone dips to the right (movies 3 and 4)

The models have the same strength
zones.

for the weak

2: The strength of the lower crust is lower in the
second and fourth movies.

THRRAPEGHFREENRSEX, (BT

BIAMEBEONTERR, Livsia

E£30)




Initial condition

—] Time = 0 Myrs D
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Time = 36.4829 Myrs
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erosion/sedimentation free slip, T=0
Initial setup: e
Compression for 6Ma atf rates: 0.5, 1,2,3 cm/a  6MaEss:
Lithospheric thickness: 60, 80, 100, 200, 300 km SEEEE:

Xe/1¢€

asthenosphere

free slip, |

0

high resolution area

N
o
o
~
3

900 1000 1100
open boundary

remelted
melts magmatics magmatics
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Intra-plate tectonics and magmatisim
associated with it

IRASIESHEXEIRIEEN
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Delamination

Time = 1.8714 Myrs
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Delamination

Time =4.676 Myrs
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Delamination

Time =5.1603 Myrs
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Delamination

Time = 5.3591 Myrs
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Delamination

Time = 5.3764 Myrs
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Delamination

Time = 5.9693 Myrs

50

100

150

N
o
o

Depth in km

250

300

Y g

350
500 600 700 800 900 1000 1100 1200 1300 1400 1500

Width in km



Delamination

Time = 8.7856 Myrs

N
o
o

Depth in km

250
300

350
500 600 700 800 900 1000 1100 1200 1300 1400 1500

Width in km



Delamination

Time = 8.9912 Myrs
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Delamination

ey W
L #h TR Crystalized upper crust melts
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Delamination
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Delamination

Time =11.7492 Myrs
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Delamination

Time = 29.0403 Myrs
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b) Pressure-Temperature
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=SCEARIRES
25 | A7 AT

Possible scenario for
destruction of the
North China Craton
During late Triasic to
middle Jurassic
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erosion/sedimentation free slip, T=0
Initial setup: e
Compression for 6Ma atf rates: 0.5, 1,2,3 cm/a  6MaEss:
Lithospheric thickness: 60, 80, 100, 200, 300 km SEEEE:

Xe/1¢€
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To conclude:
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To conclude:
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Lithospheric age and

compression rates
control tectonic behavior of

amalgamated block
and a degree of melting that
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Viscosity (log10)
]

Composition and temperature
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