Coupled Fluid Flow, Deformation,
Heat Transport &
Mineral Reactions in Hydrothermal
Mineralising Systems

PURRRE REHRidiREl, T2, RSB YIRMABEIZIE
Alison Ord

Centre for Exploration Targeting,
University of Western Australia

Hefei University of Technology Overseas Masters Program 2015



One Hour Presentations

1.A Systems Approach: The 5 Questions
2.Folding & Boudinage
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SOME PROBLEMS IN STRUCTURAL
GEOLOGY
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With thanks to Bruce Hobbs, Giles Hunt, Klaus Regenauer-Lieb and Hans Muhlhaus.
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SCALE INVARIANCE IN
STRUCTURAL
GEOLOGY

IS RRRITREAE T

SIMILAR
STRUCTURES AT ALL
SCALES
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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
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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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Velocity Vectors - Departures | = | Elasto-viscous
from homogeneous pure ’ materials;
shearing Viscosity ratio
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Wave Number Dominant wavelength wins.

! Biot Dominant Numerical Solution:
1 EeBa Ay

Constant .
| force IEbaju)
| boundary TS

conditions
1/

] 2 3 4 5 5=;

K
Dispersion Function for Single Isotropic Layer:
Plot of growth coefficient, ®, against wave
number, k = 2rn (wavelength)-1

BE—RE GE: £KFEHw, vs, B#, k= 2n (BHK)



_ FOLD AMPLIFICATION #BiEixIE
Amplitude
(#x1E)

Biot result: constant force  {B7]

= r

Time (BJ&)



_ FOLD AMPLIFICATION #E#iRiE
Amplitude

(3=1E)

Biot result: constant force 1B7J

F = = r

Biot result: constant velocity

P
=\
P

Constant velocity

Time (BJ(8) means no

acceleration and
hence no force.



NUMERICAL SOLUTION-CONSTANT VELOCITY BOUNDARY CONDITIONS

HERE-BEEENRFM
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Red strains assume 1m thick layer, viscosity ratio=100, 1013 s-1 strain-rate
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RATIO GEOMETRY
FELL RS

72% SHORTENING F

Constant
72%EESE poundary
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Sa predict
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Contours of shear strain rate
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LOW STRAIN RATE
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In the Biot theory with constant velocity these high and low strain-rate areas
relax with increased shortening and no folds grow.

Fuaigigrh, SR TSERMERXEE—PINERITTESM, TREREEK
Any mechanism that enhances strain-rate would make folds continue to grow.
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DEFORMATION
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Define the Helmholtz free energy as #i/RIBEXEHEE
. L elastic
W=u-Ts=Y(™"T,m,&)

u is specific internal energy; my is mass of K" chemical
component; & is extent of Kth chemical reaction

Conjugate quantities to state variables are: iEig¥iEs=

o oY . _ oY A - oV
1] agi?lastlc @T K = GmK aé:K
Cauchy stress  Specific entropy Chemi(;al Affinity of .

: potential chemical reaction

fIaR bl FE F REFES

Second Law of thermodynamics is: MPFE_ER
,0TS _ (D _ CDmechanical 4 Z(D?(iffusive 4 Z®f<hemical 4 CI)thermal > O
K K

Specific dissipation 881tk



The various dissipation functions are:
FIFERLE:

(Dmechamcal _ 8;£;ic gi(;lastlc 4 8_ T n a mK
OE; ol om,

J

@, " =7, ofgradu, — i; K gradT}

H, isthe rate of heat

(I)Kchemlcal — AKé:K -+ HK release from chemical

reaction K

H, EKiEREEEE

(Dthermal _ _pK,thermaIvazT
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We assume that

- total - elastic - plastic
& =&+ gij'-o

Then the energy equation is:

,OC T ZG gplastlc —lLleK . (Z(D(iiffusive 4 Z(DcKhemical 4 (Dthermal)
K K

For the isothermal case this becomes

82
My = Dy P 2 AKé:K
Which is a coupled set of classical reaction-diffusion equations

HECZFRMN-T HAERESS




Thus the case where dissipative deformation is coupled with other
processes (thermal, diffusive, chemical) becomes a problem involving
reaction-diffusion equations.

FHZEBS THMIE (B, TEl, %)  RATESRN-T BAEE-E

This coupling commonly leads to strain-rate softening.

For instance the isothermal case involving no mass diffusion leads to:
XHIBSEE S S NEFRE. TR S aREH:

. dissipative '
Gijgij IR AKé:K
e 2 .
Or, In one dimension, n(édlssmatlve) — AKé:K

Thus, for Aé iIndependent of £ strain-rate softening results
AL I F & MTEHILIER



Many coupled processes involve mechanisms which
result in strain-rate softening.

HEZREaHEG ST SHNTZRILRING
Another example: exothermic mineral reactions at

high strain-rates supply heat that decreases
viscosity or the coefficient of friction.

PNEZETHAT MRNMNMERASSEHETRE, EBRRERE

Anhydrous phases — hydrous phases +heat
FKBEE _y, SRR +#E

Q

&= Ac" exp| ——
RT
Thus, strain-rate is increased by exothermic mineral
reactions
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LENGTH AND TIME SCALES (kE. HERE)

process

x= diffusivity ¥ 8=

g E=strain-rate R

Dominant Length Scale =L = \/

Take strain-rate = 10?2 s1 (typical tectonic strain-rate)

Thermal diffusivity=10®% m2st; L = 1km

Take strain-rate = 102 s-1 (typical seismic strain-rate)
Thermal diffusivity=10® m?s1; L =1cm

Take strain-rate = 1012 s-1 (typical tectonic strain-rate)
Chemical diffusivity=101*m?s*; L =0.1m

Take strain-rate = 102 s-1 (typical seismic strain-rate)
Chemical diffusivity=101m?s1; L =10%m



The forms of coupling of interest to structural and metamorphic
geologists are:

LHE/EREElEERRBRESHI:
* Thermal-mechanical: Dominant at the kilometer scale

H-NFES. EERTRERE

* Mineral reactions-mechanical: Dominant at the outcrop scale.

YIRM-DFES: FERTFEXIRE

» Diffusion-mechanical: Dominant at the thin-section scale.

HE-NFES: ETEBTFERRE

* Fluid-mechanical: Dominant at any scale depending on permeability.
RiB-NFIES: KESER, GHTFSHRE

All produce strain-rate softening and hence produce structures at the relevant

scale. BiRFEMNTIR, HEEXRE LFEHEMNEE o
k= diffusivity i &=

process

I K o1 iN
Dominant Length Scale= £ =strain-rate RIEEE
E




tiatiELL=5

Viscosity [Pas]
+1.5e+20

+22e+20
+2.7e+20
+3.5e+20
+5.2e+20
+8.1e+20
+5.2e+21

THERMAL-MECHANICAL FOLDING
INITIAL VISCOSITY RATIO =5






Thermal
Mechanical
Coupling
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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
DEFORMATION
TO
TEMPERATURE.

FER T RESUREE
THE "BRITTLE-

DUCTILE”

TRANSITION.
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510 K STRAIN

FEEQ
(hve, Crit.: 75%)







550 K STRAIN

FEEQ
(hve, Crit.: 75%)

Je+0d
LBe+00
.Se+0d
Lde+0d
Je+0d
LBe+00
.Se+0d
Lde+0d
Je+00
.592-01
Je-01




il (RRNRTRNN |
ENNINN AT I I
i 1 T R 1
L I nnn I
u |
1
I
I
nnn | I
Il
Il I
I nnill
I
! iy
mray
]
1
|
nnnnnd g il
I T
0 I
T
I
M } “ ey
I [
T
I I L1
I ! I
T
NENIENEN T
I I
I I ]
I
] i
T ! _
T I
I
i T
T
I
I
M I
M T T
o Il [
f T
NiEEENEEy I
I
I
I
I
nnn I
I Hn [
_ L
Tl t 11
] ] R
[
N 1 i
i nu
I
;
I
i [T
1
: I
T
I FIN RN INNRNI
I f AT
T T
I ! T
H | i
11 I
I
i
M ] HHH
I
1y I I I
N t
1 HH t _m HHHHHHHH
|
I IENANENEE I
1 T T I
1 I
T I I i T
NN IR I I INE N ATNNNINRNIN AR
T T 1 T T IT TT T TITITTTEITT L] T

doublemeshl



| L 1Tl IINEN|
] T T
i HHHH “
I I Nas
T 1
| “ 1 “_
] i i T ;
i “ H ] I
H 1 NAL
| H11
H ) 4 i
1N 1 1 11
it SESEEINIE il :
I 1 “ | 1 T
! ! Ty i 1
HH “ .“ Fl
S T
ru I T ._.._1:
T 14 1 T T k1k |
1 H T T
i
i EH| | 1141
1 Fi 1 1 1LY
] I 1 I ||
HH H I I u
T T T
11
1 1
11 |
i i
] 1 1 ] T
HH HHHHTEH I
u| Al
| T T
H F | H . |
e, _
LHHH I 11
T
1 __ 1 h_ I
N H ]
|||||| u! |
L1kl | 1 1
HEACTT 1T T
]| LY L1
T
| 1 I
|HNI L 1
-._-.m_ | L1
i 1 II._._
INERENY ] [mi uil
HHHH !
1 i Hi 1
. L ". ] } H
I HH- H
un M (AR i 1 HHIHT
1 -
T nin| 1] |
A T I I
T ] | 1
1 1
11
1 I
T IFs _ ._ T
M Hinm| T n
# LT
T
LIL NI 1 [T}
g ] Tl
" I ] n
! v e
T 1 | | 1
LT H 11k
nil T
r ] | L1
| ] 11 1 T
I ] 1T
L T
u T I 1T i
! 1
it
M 5 11
i ! H
H 1 HH
| I u
I NN g H
1 if { I
T .“_|| T T
Tt n )
I 104 |
i e T e H e T oo ]
]
| ik 1 M
l—l 1
i ral I ny T
1 I
1] 1_"1 11
u ! ] T
i u I T g
i T HH [
I i |
IT
1 I TH o
| _“ N
HH ¥ T
L i
._._ T .T I
i I I H
un T f .“ i
aEE 1
T T N
- ]
] N T NEnn
I M g
I
JiT T I M
| T N
LT HH ]
| I
¥
1
|
1 1
!
NN N M

doublemesh2



ol

H-H

L !

|

-

1|
|

By

T

I
u 1 mair
u 1 H T
A 1
H __ H 1 __ T
T 11 _q
1
T Tt ] 1
] L
N 1
T 1 1T
TT T
7 mAN
1 Iranan|
1 T
i :
1 1
]
RN 1 Ang
} H
“ T AwraANEN Y
L 1
1 Y 1007 I”“ ]
T 1 ENmEy H
HH 13T i
1
iEEEEEatsa, i
Lk 1]
I
H 11
ra
rd
e
f T -
] 1 H
1 11 [ a
inn| 1 T H
1 T r
H1T rard H
T F
| h
N
|
mm { ]
ul 1
171
n
A 1 H
L |
! “
I
1 u |
1177 T
HH 1Tt HHHHHE
He I 1
T

doublemesh3



doublemesh4

THFHT
T AT




doublemesh5

Wl
T u||'|'|||||u||"'rmm"'I iy
il il u ||||I i'I

iy I|.I||||||.| " ||||n|||||| I um .-II

i m.'lu'h'l "'IlH"'hIIIII i it il l.l. i I'"'"'" ""II"
I|¢I ., ity ||| ||||||||||| |-|||III".'.".'.'.'JJIIIHJ| l'|| il ||| 1 I|| e |||I
' 'm tuﬁ}lmuﬁﬂuu"ulu "hiIH- il """"""'HH""I" Hmu"l:l I|||||||I|||'|I'

u'1I'|I|||"||!'I|""|”“I il |I|"“"""m|||IIIII "'" i

b '|'||,|I|H|||'|u| l || ||||

il
..I Ill

|
N I|| |'||

i |" '|'I

J’r
ﬁ.ﬂ f il lr
,,;,,ﬁ urmlumnmu i ;
i ""llrrluum

I

| |
||| I|,|||I ||
| i |
| ||||| | |I """" '||| ,. ||| |

l '1
iy

Bl Bl il

W l}'l

|1i| |||t.*.-
|| Illﬂl |
il "

by I %
llu', "ﬂmf}jaﬂ”

\ 7
s

".'J Iy
I’ et Iy M
il 'l'rr A l.
,fﬂﬂ"':#.uf"r‘ll 'lu, WY
fj,l JJ

::'u‘;'{
i
i

JHH

hy
hj




doublemesh7

'| Iy
ity
II| |||||I| i

b II||
'|

i
il
I|
II- |I!.|'

|| l'-'l‘ ||
I||| I|L||||| |




doublemesh8



doublemesh10




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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THESE
MATERIALS
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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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In Summary:

Giles Hunt has produced realistic folds in elastic materials and in particular
shown that strain-softening leads to localised folding that is characteristic of
natural folds.

Giles HuntEF @ 4MEER T BSLEE, RHEHRRR T MERCSEEER
fRIX—BEPAEIRASHE
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Summary continued.

It appears now that in rate sensitive materials, strain-rate softening is the
important ingredient and results from coupling the deformation to other

processes that happen during natural deformation.

HEIER, SEMHANNERREEEZAMNES, XERFTEBAZIIE
R, FEESEMIERES

The challenge now is to bring these two modes of mechanical behaviour

closer together.

RIS RIAIE XA OZ T AR ERES
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