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Pref ace

The SwissAmerican geologistLouis Agassizonce said,fiThe world is the
geol ogi st 0-box;de stands befone # ke the child to whom the separate
pieces of his puzzle remain a mystery till he detects their relation and sees where they
fit, and then his fragments grow at once into anemted picture beneath his hand.

Rock deformation is a complex puztex for all geologist. Centuries of studies
have been devoted to the topic wacover the mystery of its mechanisiihe
deformation of rock can also be affected by many facidrs.nterstitial fluid, which
Is ubiquitous throughout the crustassignificant effect on the deformation of rocks.

In this dissertation, | have used both conventional ancbnventional laboratory
approaches to Afind t he cadlthereck deformationb et we e n
puzzlesto be able t@lance into the picture of the fluick interactiorboth chemically

and physically The work from this studyelps in understanding &p of theiceberg

about the rock deformation mechanisms



Dedi cati on

This dissertation is dedicated to everyone

who has played a part in my life.

You either
give me the hard times,
help me though the hard times, or
drink and bugh with me

after they all pass.

Every one of you has helped in

shapinga part of who | have become.



Acknowl edgement s

| would like to express my gratitude to everyone who has participated in my
academic life for their guidance, comfort and continuous support.

| would like to give my biggest appreciation to my family for their unconditional
love. They are the strongest suppfmt me on pursuing my career.

| would like to thank myPhD advisor, Wenlu Zhu for her years efisdomand
enegy. Her beang a role model in science hasspiredand shaped me to become a
better scientistl also thank all faculty mebers at UMD for the inspiratioand help
throughout my PhDI. also thankny Maste6 advisor,Florian Fusseis for his support
during myPhD application and makingy academigourney to the U.S. happen.

The fouryearlong graduate school life bame a lot more fumndenjoyablewith
all the friends and colleagudsthank Thomas Tamarkin profuséfiyr his always in
time support inand outsidahe lab. |1 would also like to thank Harry Lisabeill
Kibikas, Jiangyi HouMelodie French Xianghui Xiao and Ted Koczynskor their
help at the start of my PhD project. | also thdi@kamasa KanayZachZega,Ben
Belzerand Dashaun Horshaw for the extra hands and eyes thieyden the lab.

| thank Zixiao Liu and Yishan Xu, my friends since middle school who are also
UMD fellows. | also thankHuan Cui, Ming Tang, Hailong Bai, Chao Gatzheng
Wang,Quancheng Huang, Meng GuGoeun HaKristel I1zquierdo, Israel Martinez,
Mark and Maggie McAdantlui Zhang, Yong (Kevin) YandZigin (Grace)Ni, Manyi
Wang, Bin Xia, Songjie Wang for all the fun and inspiring interactidfyg.thanks

extendto the graduate faily at UMD.



And of course, nothing comes free in life and certainly not chegprding to
scientific research. The work of my PhD studyas tinded by the Department of
Energy, Office of Science, the Office of Basic Energy Sciences, Chemical Sciences,
Geosciences, & Biosciences Division under award neFBE207ER15916, and by
the National Science Foundation under grantE®R-1551300 and EAR761912.

My studywas also supported by several fellowship awards from the University of
Maryland, includingthe Ann G. Wylie Dissertation FellowshipGraduate School
Summer Research Fellowshi@reen Fellowship in Global Climate Change and
Deands ip.el |l owsh

Some of my tripsto conference, workshops and scientific expeditiongere
supported byravel grarg from Earth System Science Interdisciplinary Ceratethe
University of Marylangdthe Gordon Research Conferenctd® University of Oslo and
the International Continental Scientific Drilling Program, Oman Drilling Prajdct
thank them for the opportunity of traveling, some which have contribute

significantly to my PhD work.



Tabl e of Content s

e 1] = U= i
[D7=T0 [ [or=1 (o o WA PP PP PP P PPP P PPPPPTRTPR iii
ACKNOWIEAQEMENLS.......ciiiiiiii et e et e e e e e et eeeeeessammmees \Y
Table Of CONIENLS. ... .. e eeneees Vi
LISt Of TaDIES ... e e e e e e eeee e e e viii
I3 o) T T 1 P IX
Chapter 1: INTrOQUCTION. .......coiiiiiiiie e 1
1.1 Brittle Rock Deformation.............coooiiiiiiiieeen e 1
1.2 ROCKfIUId INtEracCtioN...........coiiiiiiiiteeee e 5
1.3 ReSearch OULIINES..........ccovviiiiiiiiiicce et e e e e e e 9
Chapter 2Generating Porosity during Olivine Carbonation via Dissolution Channels
and EXPaNSION CraCKS.....uuuu i iiiii i e e e e ceeeie e e e eeee e e e e e e 10
ADSTIACT ... e 10
/2208 I 10T [ Tod 1 o] o PP 11
2.2 EXperimetal SEtUP......ccooviii it 17
2.2.1 Sample Configuration............cccuuiiiiieiiieeee e 17
2.2.2 Micre and Nanetomography........coooeeiiiiiiiiiiieeen e 20
2.2.3 Image Processing ProCeduUleS.......cccoeeeiieeeiiiieeeieii e eeeeeeeeeeeeeee 22
2.3 Data Analysis and ReSUIS...........c..uiiiiiiiiieeee e, 24
2.3.1 Dissolution in the LGC Sample.........coiiiiiiiiiimece 25
2.3.2 Lack of Precipitation in the LGC Sample............ccoevvivviieeeee e, 26
2.3.3 Porosity Evolution of LGC Compared to SGC...........ccovvviviviceeennnn, 28
2.3. 4 Fractures INLGC VS. SGC......coiiiiiiiiiiiiiiiimmme ettt e 31
2.3.5 Dissolution and Fracturing of Individual Olivine Grain..................... 33
2.4 DISCUSSION.....ttttiiiiasee e e e e e e e eeeeea s s e e e e e e e e e e e e e et eeesaneneeaeeaaaeeeeeeeeesbbessnnmmme e e e 37
2.4.1 Dissolution and Etehitting .........ccoovvriiiiiiiiiieeee e 37
2.4.2 Reactioninduced Fracturing................uvuvuuuiicnsreeeeeneeiiinsne s eeeeeeeees 39
2.4.3 Coupled Mechanisms of Dissolution and Precipitadiiven Fracturingts
2.5 CONCIUSIONS. ... .coiiiiiiieieeeete oot e e e e e e e e e e e e annea s 47
Chapter 3: Stabilizing Effect of High Pore Fluid Pressure on Slip Betsawof
Gougebearing FaultS..........cccoeeiiiiiiiiiieeei e 49
ADSTIACT ... e 49
G 300 O 11 0T ¥ Tox 1 o S 50
3.2. Experimental ProCeaUIES............uuuuieiiiiii it areeree e 54
.3 RESUILS..... e ann s 60
3.3.1 Frictional Strength & Friction Coefficient from CPP Experiments....60
3.3.2 Velocity Dependence Factorl{pfrom CPP Experiments..................! 62
3.3.3 Characteristic Displacement from CPP Experiments....................... 65
3.3.4 Pore Volume Fluctuation from CPP Experiments...........ccccceevvvieen. 66
3.3.5 Pore Fluid Pressure Fluctuation from CPV Experiments................ 68
3.3.6 Microstructure of Deformed GOUQgE............ueciiiiriiiieeciiicieee e 71
I3 ] (ST ol U 151 o USRS 72

3.4.1 Frictional Behavior Change with Increasing Pore Fluid Pressure....72
Vi



3.4.2 Pore Volume Change dugiShear..............ccooooiiiiiiiienn s 73

3.4.3 Pore Fluid Pressure Dependence4m)(@...........cccuuvveremrerieemuvnnnnennnne. 75
3.4.4 Characteristic DisplacemeBlc]............coovviiiiiiiiviimenn e 79
3.4.5 Slow Slip IN Serpentine........cccceeeeeeeeeiiieeeeiiiiee e eeeeeeeeeeeeiieeee e eeeeeen d 9
G T o] o3 1] o] RS 81
Chapter 4: Pressure Dials to Tune Slip Events between Slow and.East......... 86
ADSIIACT ... 86
g R [ 11 o o 3o £ ) RS 86
4.2 Sample Configuration and Experimental Procedures...........c.c.cc.vvveeee... 89
A B3 RESUIS ...ttt e 92
4.3.1 Pressure Dependence of Slip EVENLS...........cvvvviiiiiiceeiiiiiiiiccieeeeen 92
4.3.2 Stress Drop and Stress Drop Durations.................vvvvvieemreeeeeeeennnnnnd 97
4.3.3 Slip Distance and Elastic ENergy...........ccceeoviviiiieeeiii e 99
4.3.4 Moment Magnitude...........ccooiiiiiiiiieeee e 101
4.3.5 Effect of Slip Velocity on Slip EVENtS.........evvviiiiiiiiiiiieeeiiieeeceeeeeen 104
4.4 DISCUSSION....ceeiiiiiiiieee e e e e e e et e e e e e e e e e e e e e e s e s e nee s e s s st bbeseeeeeennnsne 105
4.4.1 Pressure Dependence of S8R Events..........ccccvvviiiiiiiiiieesiiieeeee, 105
4.4.2 Elastic Energy and Energy Release Rate..............oooevivceeeeeeeiee 107
4.4.3 Slip Velocity during Slip EVeNtS............ooovvviiiiiiieemee e, 107
4.4.4 Spectrum of Fault Slip BEhavior............ccooviiiiiiiieeinn 109
T @ o 1151 (o o SR 111
Chapter 5: Role of Pore Fluid Pressure on Faulting Stability in Various Crystalline
ROCKS ... e e e e e e e et e ettt e e trenr e e e e e e eeeeeearnne 114
Y 013 = Lo U RUPPRSPR 114
0 A [ 1o To (U Tox 1 o] o PP PP PP PP PP 115
5.2 Sample Configuration and Experimental Procedures..................c.vueee. 117
5.3 RESUILS ...ttt rree e e e et enree 121
5.3.1 Mechanical Strength..........ccccooiiiiiiiiiieee e 121
5.3.2 Fault Nucleation and Propagation..............cccovvvvimmmriiiiieeeeceiiineenn, 123
5.3.3 MICTOSIUCTUIE......uuiiii e e e eeeeeieeee e mmme e e e eeeeeeeannens 126
5.4 DISCUSSION.....ciiiiieeeeiie e imeee et e et e s e e e e e enensne 128
5.4.1 Stability of Fault RUPIUIe............ccooiiiiiiieeee e 128
5.4.2 Mechanism of Fault Stéiaation...................ovviiiiccceeen 129
5.4.3 Micracracks Development..........ccccoovvveeeeiveeee e 131
5.4.4 Stabilization Effect of Different Sample Compositian.................... 132
5.4.5 Faulting Stability with the Presence of High Pore Fluid Pressure..133
LR T o (o3 1] o ) 1 134
Appendix A. List of SYMDOIS...........uuuiiiiiiii e 140
Appendix B. Friction Data ProCeSSING .......uuvriiiiiiiiieei e 142
Appendix C. Data COMECLIONS.........cuiiiieieeeeee it eeee e 144
Appendix D. Image Data Processing Code (MATLAB)............ccceveeeeiiimmrennns 146
BIDOGIrapy ... oo 152

Vil



Li st of Tabl es

Table 3.1: Axial displacement rate for thepstests during each experiment......59

Table 3.2 Summary Of EXPEIMENLS. ........uueiiiiiiiiiiii et 59
Table 4.1 Pressure conditions and yield stress for each experiment.............. 92
Table 5.1 Experimental conditions of all tests............cooovviviviviicccn e 120

viii



Li st rods Fi gu

Figure 1.1: Friction responses to changes in slip VeloCitY............cccccuvvvvimeenninns 5

Figure 2.1: lllustration of the mechanisms of reaciimiuced fracturing during

OlVINE-TIUId INTEIaCHION.......coi it e e e e e as 15
Figure 2.2: lllustration of sample configuration..................oouvuiicciiiiiiiiiiiinnnnns 18
Figure2.3: Experimental setup for dynamic microtomography......................... 23

Figure 2.4: Positions of the subvolumes in the cup wall of a) SGC and b) LGC, where
guantitative 3D microstructure analyses were performed.............cc..ovvvvvveeenn... 23

Figure 2.5: Reconstructed images showing the esestson view of the sample
undergoing olivine carboNAtiON...............ooiiiiiiiiiieeee e 24

Figure 2.6: a) Dissolution features in the cresstional images of the LGC sample.

3D examination reveals that these dissolution features (blue arrowheads) ar
associated with planar fractures (yellow arrowheads) appeared in b) the radial and c)
the tangential SECION IMAJES.........cooeviiiiiiiie e e e 25

Figure 2.7 Best fits for the grey value distribution histograms of the sample at
different stages of the reaction in a) subvolume 4 from LGC sample and b)
subvolume 2 from SGC SamPpPle.........uiiiiiiiii e 27

Figure 2.8: Comparison of porosity evolution in LGC (this study) versus SGC
reported by Zhu et al. (2016).......cccceeeeeeiiiiiiiieeeee e 29

Figure 2.9: Porosity profiles of a) LGC and b) SGC along the radial direction of the
Tz 10 ] 0] S o | o NP PP U PSRRI TPPPPO 30

Figure 2.10: The 3D geometry (in red) of a) dissolutassisted fracture in LGC is
distinctively different from b) the stretchidgduced fractures in SGC................ 32

Figure 2.11: Reconstructed images from the nanotomography data of the SGC
samplebs cup wal |l de mpis and dissotuteon dchdneels e x i st enc
(white arrows) formed in the olivine graif...........ccccoveeiiiiiiiicceiiee e 34

Figure 2.12: Network of microcracks (red) in the reactiovire cup wall from SGC
shows a polygonal Pattern.........ccooeeeii i e 34

Figure 2.13: Volume change of an individual olivine grain (total volume wihali
and precipitates) during carbonation reaction in the SGC experiment............ 36

Figure 2.14: Pore distribution within tisebvolumes from SGC sample............. 43


file:///C:/Users/Tiange%20Xing/Dropbox/%5bmaterial%5dphd/publication/dissertation/Dissertation_Tiange%20Xing%203.0.docx%23_Toc14879464
file:///C:/Users/Tiange%20Xing/Dropbox/%5bmaterial%5dphd/publication/dissertation/Dissertation_Tiange%20Xing%203.0.docx%23_Toc14879464

Figure 2.15: lllustration of porosity generation mechanisms during the olivine
(o= 14 o] g F= a0 T == Tox 1[0 L= SRS PPSRRRR |

Figure 3.1: lllustration of the slip events distribution within the subduction zo66.
Figure 3.2: Sample and equipment configuration............cccoooveereecciniiiinnneeennn. 55

Figure 3.3: a) Friction coefficient of antigorite (green), olivine (blue), quartz (yellow)
and chrysaotile (red). b) Frictional responses to changes in slip.rate............... 61

Figure 3.4: Effect of pore pressure on the velocity dependence fadipof all
tested gouges a) antigorite; b) olivine; ¢) quartz; d) chrysotile from velocity increase
SEEPS (0.1 10 BIMN/S) cuiiiiiie et e e e e 64

Figure 3.5: Box plot of the effect of strengthening ait) from pore pressure.....65

Figure 3.6: a) Characteristic displacemddy) (of gouge materials in response to slip
velocity change at different steps. b) Characteristic displace@énbf antigorite in
response to sligelocity change at different pore pressure conditians..............! 66

Figure 3.7: Pore volume fluctuation of antigorite (green) and quarto@)edluring
(o= (o] 0 1T 1o o 1SRRI 67

Figure 3.8: Pore pressure fluctuations of antigorite during locked volume
(o= 0 1= o] VPSP TTTPPPPPP 69

Figure 3.9: Pore fluid pressurization rate of antigorite (green), olivine (blue), quartz

(yellow) and chrysaotile (red), during locked volume expemts.......................... 70
Figure 3.10: Micrestructures of antigorite (Atg) and olivine (Ol) gouge at different
POre Pressure CONAILIONS...........coeiiiiiiiieeiieeee e e e 72
Figure 3.11: Dilatant hardening mechanism illustratian....................cccceeeeeenen. 76

Figure 3.12: The differential stress vs axial displacement for all tested gauge®3

Figure 3.13: The velocity dependence factarb)(of all tested gouge materials
deformed at 70 MPa effeCctive PreSSUIe..........couuiiii i eeea, 84

Figure 3.14: Effect of pore pressure on the velocity dependence fadipof all
tested gouges a) antigorite; b) olivine; c) quartz; d) chrysotile from all velocity

decrease Steps (L 10 GUN/S)......coeeeeeeiiiieiiiieieiii et 84
Figure 3.15: Pore volume fluctuation of antigorite (green), olivine (blue), quartz
(yellow) and chrysotile (red) during deformation...............cccoovvvvieeeei e 85
Figure 4.1: EXperimental SEtUP...........uuiiiiiiiiiiiii ettt 90



Figure 4.2: StresStrain curves of saveut samples deformed at various confinements
AN POME PIrESSUIE....ciiiiiiieee e e e e e e et re e bbb bbb b e e e e e e e enenane 93

Figure 4.3: Effective pressudependence of slip behaviar....................c..evvneeee. 94

Figure 4.4: Pore pressure dependence of-slipkbehavior. Amplitude of stress
drops decreases POre PreSSUIE INCIEASES. .. .uuuuuurrrrereeeeeeeeaaiiaiaaaaaaaaaeaeeeaaeeeenn. 95

Figure 4.5: Magnitude vs. duration of shear stress drop for individual slip events a)
undervarious confinements and a constant pore pressure of 5MPa; b) under various
pore pressures and a constant effective confinement of 70MRa..................... 98

Figure 4.6: Elastic strain energy release calculation during individual slip eviEdgs.

Figure 4.7: Elastic energglease vs. slip velocity for individual slip events. a) under
various confinements and a constant pore pressure of 5 MPa; b) under various pore
pressures and a constant effective confinement of 70 . MPa.......................... 101

Figure 4.8: Histogram of moment magnitude distribution for individual slip events a)
under various confinements and a constant pore pressure of 5 MPa; b) under various
pore pressuresnd a constant effective confinement of 70 MPa..................... 103

Figure 4.9: Frequency of moment magnitude for individual slip events a) under
various confinements and a constant pore pressure of 5 MPa; b) under various pore
pressures and a constant effective confinement of 70 . MPa.......................... 104

Figure 4.10: Magnitude of shear stress drop during slip events controlled by both

effective confinement and POre PreSSULE. .........uuuuiriiieiirieeeiieieiee e e e eeeeeeeens 106
Figure 4.11: a) Slip velocity measurement of individual slip events with comparison
to other laboratory studies. b) Pressure dependence of slip velacity............. 108
Figure 4.12: Synoptic fault slip model of a subduction zane........................ 111

Figure 4.13: Yield strength of sanggslas a function of effective confinemeRé{ Pc-

o PP T PP PPPP PN 113
Figure 5.1: Experimental SEtUP.........ooo i ee e e 118
Figure 5.2: Plot of differential stress against axial strain...............cccccccoeeeueee. 122

Figure 5.3: Strain data of a) Oman dunite and b) Westerly granite samples deformed
at an effective pressure of 10 MPa............oooviiiiiiiiiciiieeeee e 123

Figure 5.4: Stress drop during fracture propagation for a) Oman dunite; b) Oman

harzburgite; ¢) Twin Sisters dunite; d) Westerly granite deformed at an effective
pressuref 10MPa and various POre PreSSUIES.........uuuurrrrrreeeeieemereereeeeeaeeeeess 124

Xi



Figure 5.5: Fault propagation duration of a) Oman dunite; b) Oman harzburgite; c)
Twin Siders dunite and d) Westerly granite at different pore pressures from 10 to 120

Figure 5.6: Reflected light image of thacrostructures of the fractured a) Twin
Sisters Dunite and b) Westerly granite deformed at an effective pressure of 10 MPa
and under low (10MPa) and high (120MPa) pore pressure conditians.......... 127

Figure 5.7: a) Schematics of slip weakening slope and fault stabilities modified from
Rice & Rudnicki, (1979). b) Slip weakening slope of Oman dunite sample tested at
pore pressure ranges frof th 120 MPa.........ccccooeiieeeeiiiiiiieeee e, 129

Figure 5.8: Strain gauge data of Oman Harzburgite samples deformed.......135
Figure 5.9: Strain gauge data of Oman Harzburgite samples defarmed.......135

Figure 5.10: Reflected light image of microstructures of fractured Oman Dunite
deformed at an effective pressure of 10 MPa and under low (10 MPa) and high (120
MP@) POIE PIrESSUIES. .. .uutieiiiiiiiiiiiie e e eeeete ettt ettt e e e e e e e e e e e s s amr e e e e e e e e e e e e e s e s e s 136

Figure 5.11: Reflected light image of microstructures of fractured Oman Harzburgite
deformed at an effective pressure of 10 MPa and under low (10 MPa) and high (120
MP @) POIEOIESSUIES......uueiiieieieiieeie e e e e eeeet ettt ettt e e e e e e e e e e e e e s amr e e e e e e e e e e e e e e e e e s 137

Figure 5.12: Reflected light image of microstructures of fractured Twin Sisters Dunite
deformed at an effective presewf 10 MPa and under low (10 MPa) and high (120
MP@) POIE PIrESSUIES.....uutieiiiiiiiiiii it et eeeete ettt ettt e e e e e e e e e e e e s s st e e e e e e e e e e e e e e e s e e 138

Figure 5.13: Reflected light image of microstructuresactured Westerly granite
deformed at an effective pressure of 10 MPa and under a) low (10 MPa) and b) high
(120 MP) POIrE PrESSUIES.......eeiiiiittttieeineessssssssebsseseeeeeeeeeesaeemssssseeeeeeeeeeeeas 139

Figure 5.14: Slip weakening of all tested samples at pore pressure ranges from 10 to

Xii



Chaptlenrt rlooducti on

1.1 Brittle Rock Deformation

Earth is a dynamic planet. Rocks are generally subject to substantial mechanical,
chemical and thermal loads, and quantitative knowledge of rock deformation is critical
for better assessments of Earktdéf@matiody na mi c
provides vital information on the evolution of mechanical properties of deforming
rocks and elucidasgleformation mechanisms that can be used to extrapolate laboratory
observations to natural processes.

This study focuses on brittteeformdion and aims at improvingur understanding
of the nature and controls on rock strength, fractandfriction. Studying brittle
deformation has many geological and geotechmigplications including earthquake
hazard mitigation, energy exploration, weadisposal, and carbon sequestration.

Brittle fracture occurs when the stress applied on a material exceeds the critical
strength. This is well described by the Md&Pwulomb failure criterior{Jaeger, 1969;
Rabinowicz, 1965)

sts ., @ (1.1)
wheret is the shear stress resolved on the resulted fracture plane,the normal
stress applied to the plarie,is the coefficient of interal frictiorand cdescribes the
cohesion.

It has ben well established that the failure process of intact rocks involves the

growth of defectsuch agnicrocracks. When the crack density becomes sufficiently



high, the cracksucleateandcoalescdo form the macroscopic fault plafeockner,
1993;Peng & Johnson, 1972; Reches & Lockner, 1994; Sammis & Ashby,.1986)

The failure criterion can also be usediescribe the frictional sliding, in which the
cohesion becomezerqg and’ is the coefficient of friction whiclis similar for most
rocks witharange of 0.6 * 0.85according to Byerlee's La@Byerlee, 1978)With
the exception of law isapplicablentemostdclstypesiBthe r | ee 6 s
absenceof fluids. Clay minerals and hydrated mineral phases have lower frictional
strength(Kronenberg etlg 1990; Diane E. Moore et al., 1996, 1997, 2004; Morrow et
al., 1992)

The frictional behavior is described by tBmpiricalrate and statefriction law
(Dieterich, 1979; Ruina, 1983)hedependence of tregynamicfriction coefficienton
sliding velocity and other variables can be described as

‘ o d - dT— (1.2)

- P = pPD

where €1 is the steadystate friction coefficients and €s is the dynamic friction
coefficientsat slip velocity ofv1 andvz respectivelya andb are material propertieBc

is the displacement over which friction evolves with,sipdd i s t he st ate vatl

For steadystate friction:
2 s o 8
Qo M EET — g P
Therefore friction change as velocity changes from to vz, andcan be expressed

as:

S I - I Lot ®
0 0 P



e.g.

W D x| ‘ . .0
ooae:u— wa mwasb— P

c:‘T’ c-

It has been shown that dynamic fram might change in response da@hang in
slip velocity. The effect of velocityon the friction coefficients complicated and the
net stedy state effect depends on tiedative contributionfromaandb. If the dynamic

friction () is defined as steg-state friction at velocity, then:
(A& T PX
Whena-b<0, then a decrease in friction coefficient takes place when the sliding
velocity increases. This is termdidlv e |l -weakgni ngol). t Bsiwglur e 1.
established that the onset of instabilities, which might lead to the generation of
earthquakes, is inextricably related to the reduction of frictional resistance with

increasing slip velocity (i.e. velociyegkening effects)Converselyif a-b>0, friction

i s fAveltoengtyheningo and only stable slidin

In general, by examining the dependency of friction on ststatg sliding velocity,
the stability of friction and earthquake occurrenceaofault can be inferred. If the
friction increases with sliding velocity (velocistrengthening) then the sliding will be
stable and no earthquakesn begenerated; if the frictional resistance decreases with
velocity (velocityweakening), then unstab#dip and earthquakesan beexpected.
There is also a dependence of friction on the slip displacement/ characteristic
displacementldc), following changes in velocity. The process that causes static friction

to increase with static time is the same oneé taases velocityveakening. This is



sometimes called the evolution effect since the friction evolves with time and
displacemen(Beeler et al., 1994; Dieterich, 1972; Marone, 1998)

However, whether instability can occur also degadthe stiffness of the system
surrounding a fault zone and the critical stiffness of tHault zonematerialkc. This
is described byruina(1983)using the following equation:

- w w,
o P&y

Instability can only occur wheke > k (Rice & Ruina, 1983)The stiffnesslepends
on several parameters includifigction parameterga-b), characteristic displaogent
D¢, andthe effective normal stregs. The elastic stiffness model represents simplified
elastic and frictional conditions, but is consistent with more sophisticated models of
earthquake nucleatiorfLiu & Rice, 2007) Numerical studies and laboratory
investigations have also demonstrated the existence of the transitional behavior
between stable to unstable behavior involving gdgsamic, oscillatory sliding
behavior wherk: a k (e.g.,Gu et al., 1984; Leeman et al., 2016; Liu & Rice, 2007;

Scholz et al., 1972)



Velocity-Strengthening: V<V, <V, My <M, <M,
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Figure 1.1: Friction responses to changes in slip velocity. a) Velocity waiakebehavior
where increase in slip velocity is associated with a decrease in the friction coefficient (negative
a-b). b) Velocity strengthening behavior where increase in slip velocity is associated with an
increase in the friction coefficient (positiveb). The characteristic displacemerc) is
marked by the distance required for ttietfon coefficiente to evolveto b/efollowing a change

in slip velocity.

1.2 Rockfluid Interaction

Within the rock frame, interstitial fluids ubiquitous.The interstitial fluid can be
produce through compaction of sedimen®redehoeft et al., 1988; Hooper, 1991)
dehydration reactionfHirauchi et al., 2013; Okazaki & Hirth, 2016; Tauzin et al.,
2017) etc.Geophysical observatigmave allowedor the quanfication of pore fluid
volume and pressure @variety oftectonic settinggHeise et al., 2013, 2017; Peacock
etal., 2011; Saffer, 20L7Available direct measurement of the pore fluid pressure from

boreholes at shallow dep#how elevated pordluid pressure®of nearly 90% of the
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lithostatic pressurge.g.,Davis & Villinger, 2006; Sibson & Rowland, 2003 eismic
studies also reveanomalous pore fluid pressure within or subjacent to fdalts,

Bangs et al., 2009; Kato et al., 2010; Kodaira et al., 2004; Park et al., 2002; Park et al.,
2010; Song et al., 2009)

Interstitial fluids play an important role in the crustal proceasdareinextricably
related to tectonicsAt depth, the pore fluid can influence melting and have controls
over the volcanism in the owveiding plate(e.g.,Grove et al., 20095tudies havalso
shown thathe mechanical behavior of crustal rocks carslgmificantly affected with
the presence of fluife.g.,Dunning & Miller, 1985; Heard, 1960; Helmons et al., 2016;
Rutter & Hackston, 2017)The elevategbore fluid pressurbas been used to explain
many aparent weakness within fault zon@sg.,Blanpied et al., 1995; Moore et al.,
1996; Tembe et al., 2006; Wintsch et al., 1995; Zoback et al., 1B8&)presence of
these high volume and pressupé pore fluid also seem to be associated with
earthquakes Elevated pore fluid pressure has been interpreted to inhibit shallow
seismicity, promote dgp and wide seismogenic zaandfacilitate thepropagatiorof
tsunamigenerating megaarthquake to the trenchiDean et al., 2010; Fagereng &
Ellis, 2009; Scholz, 1998PDccurrence ofransitionalfault slip behaviors such atow-
slip events, very low frequency faulting events and episodic trethavealsobeen
thought to closely relate to tipeesence of pore fluide.g.,Audet et al., 2009; Lowry,
2006; Shelly, 2010; Shelly et al., 2006; Vergnolle et al., 2H6yvever, to date, there
is still alack of knowledge about the relationship between pore fluid pressure and fault
slip modes.In order to poduce an accurate model of the calistynamics, a large

numberof constraits regarding théluid-rock interactions at crustal conditioasd



their effect an rock deformation behavionust be obtained from systematic laboratory
studies.According to our present knowledgthe nteractions between the fluid and
rocks can affect the deformation behavidrom several aspects, both
physicallymechanicallyandchemically.

Physically, the presence of pore fluid in roskcould alter the local pressure
conditions and cause variation in the effective pres@daadin et al., 1963; Hubbert
& Rubey, 1959; Rutter, 1972 he relationship betweepore fluid pressureand
effective pressure has been well described by the effective pressu(@édeaghi,
1943)

0 O U P&
wherel is the confinement/overburden pressure anid the pore fluid pressur&he
pore fluid pressure counteracts the overburden pressure and reduces the effective
pressure and, whenmbined with theMohr-Coulomb failure criteriorfJaeger, 1969;
Rabinowicz, 1965)wouldultimatelyexertcontrol on the mechanicsirengthof rocks.
Studies show thadlteraton of the pressure conditions can caeis#rittliementof the
rock and significantly affect the strength of the r@elg.,Blanpied et al., 1998; Rice,
1975; Rice& Cleary, 1976) Fluctuatiors in pore fluid pressureonditions can also
activate dilatant hardening and cause strengthening of the deforrfRican 1975;
Rudnicki, 1984; Rudnicki & Chen, 1988)

Chemically, the addition of fluid could caukmetic redudion of fractureenergy
via aborptionof fluid on mineral surface®rowan, 1944; Rutter, 197ctivation of
fluid-promotedsubcritical crack growtstress corrosiofAtkinson, 1984; Atkinson &

Meredith, 1987; Brantut et al., 2013; Kranz et al., 1982; Rice, 18i8)pressure



solution (Zhang & Spiers, 2005)etc. Numerous studiewiave been conducted to
investigate the effect related to the addition of fliii@by, 1983; Kirby & Kronenberg,
1987; Lisabeth & Zhu, 2015; Paterson & Wong, 206%)id does not only affect the
rock deformation byfavoring fluid-assisted deformation processdsijdf also reacts
with rocks changes the compositiarf the rocksand altes the pore structuref rocks
(e.g.,Kelemen et al., 2013;&emen & Hirth, 2012; Lisabett al., 201& Xing et al.,
2018; Zhu etl., 2016) Chemical alteratiothat can lead to theddition of new phases
has a significant effect on changing the strength of the (Dckkel et al., 2017;
Kanakiya et al., 2017 he chemical effect of fluids on rock deformation is much more
complex and remains an active area of research, but it is clear theaheffect can
significantly contribute taleformation.

In reality, the physical/mechanical and chemical efféicim fluid never work
independently buare always coupled with each othdror example, fluid flow in a
materialcan bedescribel byD a r cLgwd s

. I Q0
v —— PP T

- Qw
whereQ describes the flow raté, is the permeability of the samplejs the viscosity
of pore fluid, A is the crossectional area of the sample ands the pressure in the
sample with a length of Fluid flow can be easilyaffectedby variation in hydraulic
propertiesFluid flow cancause perturbatianin the local chmical equilibration and
allow chemicallyactivated processes to alter the hydraulic characteristic of the material
(e.g., permeability, viscosity, etaphich, in turn, modifies the mechanical properties.

The physical and chemical interactsdretween flud and rocksvork in concertand

can producea spectrum of deformation behaviors. Systematic experimental
8



investigations on the roefuid interaction would help irunraveling tiis coupling
between thechemical and mechanical effect of reftkid interaction and further
understandthe deformation mechanisms of earth mater@sviding insight into the

role of fluid in thedynamics of the tectonics.

1.3 ResearclOutlines

| focus on the effect of fluidock interactions on brittle rock deformation, both
physically and chemically. Chapter 1 (this Chapter) describes the complexity and
questions regarding to the mechanism of fitadk interactions and their control on the
rock deformation and the geological and geotechnical implications of this study.
Chapter 2 discussesetteffect of chemical alteration alivine dominate rocks and
shows the effect of alteration on the postructureevolution of the rockwhich
eventuallyaffects the strength of the samplehaptes 3 to 5 describgrimarily the
physical effet of fluid-rock interaction on the rock deformation by varying pressure
conditions. Chapter 8mphasizeshe effect of pore fluid pressure on the frictional
behavior ofgouge materialsnder stabl@andquasistablesliding conditions Chapter
4 focuses on theffect of pore fluid pressure amsting of the unstable frictional slip
with the emergence of transitional slow slipshaviors Chapter 5 dematrates how
the brittle fracturing processan also be altered through the variatiorpaore fluid

pressure enditiors.



ChaptGerner ati gpgr®iniges iney Car bonat
Di ssolution Chanmaedks and Expansi

Xing, T., Zhu, W., Fusseis, F., & Lisabeth, Pl.(2018). Generating porosity during
olivine carbonation via dissolution channels and expansion cr8okd.Earth 9(4),
879 896. https://doi.org/10.5194/s8-879-2018

Abstract

The olivine carbonation reaction, in which carbon dioxide is chemically
incorporated to form carbonate, is central to the emerging carbon sequestration method
using ultramafic rocks. The rate of this retrograde metamorphic reaction is controlled,
in part, by the avadlble reactive surface area: as the solid volume increases during
carbonation, the feasibility of this method ultimately depends on the maintenance of
porosity and the creation of new reactive surfaces. We conducted in situ dynamic X
ray microtomography andanotomography experiments to image and quantify the
porosity generation during olivine carbonation. We designed a sample setup that
included a thickwalled cup (made of porous olivine aggregateth &@imean grain size
of eitherD5 orD 8 0) fillechwith loose olivine sands with grain sizes of 1.00
500 Om. The whole sampl e asajeous$optiomeds r eac
200 ACcC, under a constant eoenfluid prassur@f pr essur
10 MPa. Us i rbgsedsXsay midiotomayrapbynthe thredimensional (3
D) pore structure evolution of the carbonating olivine cup was documented until the
olivine aggregates became disintegrated. The dynamic microtomography data show a
volume reduction in olivine at the beginning of the reattiindicating a vigorous

dissolution process consistent with disequilibrium reaction kinetics. In the olivine cup
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with a grain size o8 0  {d rdiameter(coarsegrained cup), dissolution planes

devel oped within 30 h, b e .flnothhe expament with r e c i pi t
the olivinecupoD5 Om me an g-grained cup),iidiomorphié magresite

crystals were observed on the surface of the olivine sands. The magnesite shows a near
constant growth throughout the experiment, suggesting teatréaction is self

sustained. Large fractures were generated as the reaction proceeded and eventually

di sintegrated the aggregate after 140 h. D
cracks caused by the volume mismatch in the cup walls, betiveerpanding interior

and the neasurface which keeps a nearly constant volume. Nanotomography images

of the reacted olivine cup reveal pervasive etch pits and wormholes in the olivine

grains. We interpret this perforation of the solids to provide contisdluid access,

which is likely key to the complete carbonation observed in nature. Reactions
proceeding through the formation of nano micronscale dissolution channels

provide a viable microscale mechanism in carbon sequestration practices. For the
natural peridotite carbonation, a coupled mechanism of dissolution and reaction

induced fracturing should account for the observedsedfainability of the reaction.

2.1 Introduction

Mantl e peridotites are exposedsetingdel y on
such as miebcean ridges, subduction zones and ophidlissartin et al., 1997a; Fryer
et al., 1995)Peridotite is mainly composed of olivine which is unstable at tempesature
below 700 °C in the presence of watevans, 1977and below 500 °C in the presence
of COZrich fluids (Johannes, 1969 he transformation of olivine to serpentine and

carbonates due to fluicbck interaction is extensively observiedperidotite outcrops
11



(e.g, Beinlich etal., 2012; Falk and Kelemen, 2015; Hansen et al., 20R6¢k
deformation experiments have demonstrated that fluid alteration to peridotite can
strongly affect the strength and tectonics of the oceanic lithosfibesehanps et al.,
2013; Moore et al., 1996 hereforethe study oflivine-fluid interaction is of great
importancefor understanding the alteration processf peridotite in a variety of
tectonic regions. General peridotite alteration reastt@n be fomulated as follow
(Hansen et al., 2005; Kelemen & Matter, 2Q08)

/' 1 EOEA/A - ACT AOEOAQOOU

- C3E/ c¢#l c¢-#l 3E/ (R2.1)
/' T EOEA/A (1 4A1 AACT AOEOA

T-Q@E/ v#l (1 -GC3HE [ ( v- £/, (R2.2)
/' T EOHI/A 3AODAT OO EOA

¢- @E/ o(/ -C3HE [/ ( - Cl (), (R2.3)

N~ o~ oA
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- Gl ( #1 - &/ (17, (R2.4)
Although peridotite weathering reactions occur widely in nature, the rate of olivine
carbonationat subsurface conditions is debated. Since the retrograde metamorphic
reactions a kinetically fast, the extent of transformation is limited by fluid supply
which depends on the accessible fluid pathways. As the hydration and carbonation of
olivine results in an up to ~44% increase in solid molar vol((awf & Lackner, 1998;
Hansen et al., 2005; Kelemen &atler, 2008) carbonation of olivine is generally

assumed to be sdifniting: the reaction products would gradually fill up the pore space
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and lead to a decrease in the porofitgnmanuel & Berkowitz, 2006; Hovelmann et

al., 2012) which in turn lowers permeability and reduces fluid supphis negative
feedback would ultimately force the alteration to cease. However, naturally occurring
completely carbonated peridotites are evidence that these limitations can be overcome.
For instance, listvenite is the natural completely carbonated pradywmtridotite,

which is composed of magnesite, quartz and trace mir(@amilslich et al., 2012; Nasir

et al., 2007) This creates a conundrum of how the large extent carbonation can be
achieved with the potential sdifitation of reducing fluid pathways.

In order to explain this discrepancy between the theory and the observation,
numerous studies have been conducted aiming to find a mechanism to maintain the
access for reacting fluid during olivine alteration reactions. In 1BB&donald and
Fyfe examined naturally altered peridotite and proposed that the large volume change
associated with the reaction could generate high local stresses and strains, which would
cause episodic cracking. This idea Isasce been applied to olivine carbonatidy
Kelemen and Matter (2008)vho proposed a positive feedback loop where fractures
could be generated during the volwewpanding reaction, porosity and permeability
can be maintained or even incsed, which in turn would accelerate the carbonation
processegcf. Rudge e al., 2010) In 2011,Kelemen et alshowed that in natural
peridotites crossutting hierarchical fracture networks filled by skimematic
carbonate and quartewms extend to microscopic scales. These ecafiing networks
indicate coeval carbonate crystallization and fracturing. Several studies also showed
that the forces generated by the volume increase should be enough to fracture peridotite

(lyer et al., 2008; Jamtveit et al., 2009, 2011; Ulven et al., 2014)
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While reactiorinduced fracturing is accepted as a way to maintain fluid access, the
mechanical details of the process are poorly understood. As fongbkanism that
generates stresses, Ocrystallization press
been proposee.g. Scherer, 2004; Weyl, 1959; Wiek and Singer, 1972)n this
model, the precipitation/crystallization of reaction products exert pressure around the
growing crystals, and fracturing takes place when that pressure exceeds the local
minimum principal stres@elemen & Hirth, 2012)Salt crystallizatiofiScherer, 2004)
is a common example where high crystallization forces due to the nucleation of
precipitates in pore space cause2l®ampl es t
However, studies have shown that the crystallization force is low in the olivine
carbonation system (e.gan Noort et al., 2007 Because of the lack of experimental
evidence of crystallization forces during oliviakeration Zhu et al. (2016proposed
an Oexpansi on crackingo mechanism as an
producing reactioiinduced factures in an wsitu synchrotrorX-ray microtomography
study. I n the O6expansion crackingd model,
volume mismatch between regions with different precipitation rates, leading to cracks
forming in regions that expdrslower than their surroundings (see FigRufd).

Beyond fracturing, dissolution has been recognized as an important part of the
olivine alteration procesg.g, Velbel, 2009; Velbel and Ranck, 2008; Wilson and
Jones, 1983)and proposed as a mechanism to explain the observed complete
carbonation of peridotiteln 1978, Grandstaff showed that dissolution could
significantly increase the surface area through-pttting. Wilson(2004) suggested

that the weathering of olivine is controlled by efatting and channel formatiotue
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to preferentiadissolution, which assists the migration of fluid and prosé&iether
reaction. Andreani et al2009)suggested that permeability may be maintained during
peridotite carbonation by the development of preferential flow zones. Lisabeth et al.
(2017a, 2017bdbserved relevant structures in dunite samples that have been reacted
under controlled stress conditiorand interpreted them as a pattern of secondary
porosity banddormed by dissolution coupled to locally intensified compressional
stresses.

(a)
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Figure 2.1: lllustration of the mechanisms of reactimauced fracturing during olivinéuid
interaction. a) The crystallization pressurizatinodel describes the development of fractures
caused by crystallization forces exerted on the surroundings due to growth of precipitates. Salt
crystallization(Scherer, 2004)s a typical example of the crystallization pressure induced
fracturing. The factures first appear at areas where precipitation is most concentrated and
propagate outwards. b) The surface cracking model describes the development of fractures as
a result of a contrast in expansion which causes stretching at the surface. A diffiertiece
precipitation rate between the periphery and interior of the sample causes them to expand at
different rates with the interior expanding faster than the surface. This builds up the tensile
stress at the surface that fractures the sample and leads¥elopment of a polygonal fracture
network. The fractures propagate from the surface inwards.

Previous investigations of olivine carbonation were largely based on the
interpretation of naturally deformed samples (eMacdonald and Fyfe, 1985
thermodynamic modmg (e.g, Kelemen and Hirth, 20)2r comparison wit reaction
systens other than olivine (e.gleucite to analcime idamtveit et al., 2009 While

these approaches led to significant advancemethisre are limitations to the
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understanding of the mechanisms responsible for porosity generation during olivine
carbonation that these approaches can provide. The history of natural fault rocks is
inevitably complex, and thermodynamic arguments and noalenodels can only
indicate a potential, while the actual progress of chemical reactions is strongly affected
by interfacial structures, which vary considerably in different mineral systems. Thus, it
Is critical to complement such studies with laborat@xperiments on olivine
carbonation.

SynchrotrorbasedX-ray tomography is an advanced ndestructive method to
capture threelimensional images of materials. Where processes affecting these
materials are followed through time, add#mensional (3 spatiadimensions + time)
dataset is captured. By usiigray transparent reaction cellBusseis et al., 2014the
technique enables the investigation of flomtk interaction at controlled and
geologically relevant conditions. We exandrtbe carbon@on process of olivine on
the basis of 4limensional images acquired Kyray microtomographic imaging with
synchrotron radiation at the Advanced Photon Soutbe.et al. (2016hypothesized
that largegrains would be preferred sites for precipitation of new crystals, and the
contrast in the grain size produced the volume mismatch dywédesred precipitation
on the larger grains and led to the fracturing of the sample. To further test the
hypothesis, n the current study, weconducted a new experimeunsing an olivine
aggregate with larger grain size {800 ¢ M compared to the previeuexperiment
reported byhu et al.(2016 0-20¢ h We also performeddvance®D analysesand
guantificationof the micro- and nanecomographydataobtained byZhu et al.(2016)

In an advancement of the results presented by Zhu et al. (2016), here we present direct
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evidence for the coupled mechanisms of dissolution and precipittien fracturing

during olivine carbonation and demonstrate their impogan sustaining the reaction
progress at different spatial and temporal scales. We further show direct evidence of
how reactionnduced fracturing operates, i.Bow stress is generated through volume
increasing reactions. A better understanding of idivcarbonation directly applies to

the geological sequestration of €Q@Gislason et al., 2010; Mani et al., 2008he
principle of insitu carbon mineralization is the cargion of silicate and hydroxide
minerals to form carbonate minerals as a stable sink for (BGwer et al., 2013)
Peridotite, because of its wide occurrence and high reactivity, is considered one of the
best potential feedstocks forOz mineralization(Andreani et al., 2009; Beinlich &
Austrheim, 2012)the estimated rate of C@onsumption peridott carbonation could

be as high as 2x2@ons-km? per year(Kelemen & Matter, 2008)As the dominant
constituent of peridotite, olivine becomes the most important mineral far CO
mineralization. Our study provides new insights into carbon seqtiest using
ultramafic rocks, and our findings on the mechanism of fracture generation during

olivine carbonation could provide guidance to industrial applications.

2.2 Experimental Setup

2.2.1 Sample Configuration

In Zhu et al. (2016)the contrast in grain size between the loose grains and the cup
wall aggregate is hyplesized as the cause of the fuomform precipitation which is

crucial to the generation of fractures in the experimidete, we use coarsgained
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olivine aggregate in the cup wall to reduce the contrast in grain size between the cup
wall and the filling and further test their hypothesis.

Thesample assembly consists ahdlimeter-sized synthesized San Cartas/ine
cup, filled with looseSan Carlo®livine sand (grain size 168800 m, s e &2aFi gur e
and then covered by a lid made of the same nai&s the cupBoth the olivine cup
and its lid are taken from a sintered pellet made from pulverized San Carlos olivine
with a grain size 080-1 0 0 . Tshimcoarseyrained olivine cup is referred to as large
grain cup (LGC) in the following discussionaia obtainedrom the LGC experiment
will be compared to the results of an olivine carbonation experiment conducZéu by
et al. (2016)at the same experimental conditions, ofire-grained (grains sizes
between @ 0 gum.)The finegrained olivine cup iseferred to asmallgrain olivine

cup (SGC)n the following discussion.

(a) (b)

Cross
Section

Figure 2.2: lllustration of sample configuration. a) The sample is composed a sintered olivine

aggregate cup with loose olivine sand fillings (grain size-300cs m) . Quantitati\
microtomographic analyses are conducted on the tangential (pink), radial (orange) and cross

(blue) section of the sample. b) Example of the tomographic image that was used in the 2D
examination oZhu et al. (2016)
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Thecup, which was fabricated by hgaressing in a procedure described in Zhu et
al. (2016), hasnerand outer diameters @fand 1.8 mm respectively, with a resulting
wall thickness of ~0.4 mm. Thaitial porosity ofthe cupwall is ~10%.Both LGC and
SGC samples were sintered for 4 hours at 1@0the LGC sample came out weaker
(less cohesive) compared to the SGC sample, and the initial porosity of LGghikysli

higher than that of SGC.
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Figure 2.3: Expeimental setup for dynamic microtomography. Inside thea)X transparent
pressure cell, the confining pressupere fluid pressur@and temperature can be controlled
independently. The synchrotron radiation imaging records radiographs of the samydituat in
conditions with ongoing reaction at different angular positions with the sample being rotated.

The loose grains inside the cup allowed the inspection of magnesite growth on free
olivine surfacesThe sample assemblies (i.e., olivine cup + loose graias) jacketed
and loaded into aX-ray transparent pressure cell (Figar8). A confining pressure
of 13 MPa and a pore fluid of NaHG@queous solution (1.5 mot4 at 10 MPa were
applied to the sampl@.hepore fluid pressurdownstream is regulated by a pressure

regulator while the upstream is controlled by a syringe pump to form acpemi
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system. Both upstream and downstream pore pressures were maintained at 10MPa
throughout the experiment. A small axial load is appliecepreoshdently from the
confining pressure by locking the piston at a fixed posifidwe pressure cell was then
heated to 200 °C to initiate the reaction. These conditions were kept constant during
the entire microtomography experimenhe reaction of the LG sample was stopped

at 36 hours after considerable secondary porosity generation was observed. No
magnesite precipitation was detected in LGC. The SGC sample reacted for 7 days until
intense fracturing was observed. Significant magnesite precipitatiometasted in

SGC (Zhu et al., 2016).

2.2.2 Micro- and Nanetomography

Third-generationsynchrotron facilities produce electromagnetic radiation bright
enough to allow rapid imaging even inside experimental vessels, thereby enabling
studies of dynamic prosses ranging over periods from seconds to days, while
acquiring individual &dimensional (D) data sets in fractions of a second.
SynchrotronX-ray microtomography has therefore become one of the most powerful
tools in structural geology and rock mecharstudies (seEusseis et al., 2014ar a
review andBedford et al., 2017or a recent application)

In this experiment, synchrotrdrasedX -ray absorption microtomography has been
used to record the dynamic carbonation of olivine in 4 dimensions. We u3edagn
transparent ce(Fusseist al., 2014)mounted in the upstream experimentatish at
beamline 2BM of the Advanced Photon SourceéhefArgonne National Laboratory,

25 m from the source. There, a polychromatic beam filtered by 1 mm aluminum, 15

mm silicon and 8 mm borosilicate glass yielded a photon flux with an energy peak at
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65keV (Zhu et al., 2016)A Cooke pco.edge sCMOS camera with 2560x2160 pixels
(pi xel si 2was6sedinadlying scanrmode. The sartgiector distance
was 300 mm, which introduced a clear phase contrast signal to t{€tieteens et al.,
1996) Thecaner a recorded projections from a
scintillator, magnified through a 10x Mitutoyo lomgprking distance lens yielding a
pixel size of 0.65 em. Projections were
the sample wasotated over 180 ° with 1.2 °*sA total of 1500 projections were
collected in 15G. For the LGC sample, 113-D microtomographic data sets were
acquiredover 36 hourstogether forming a 4D data set, with time as the fourth
dimensionFor theSGC sample379 data sets were acquireeer 7 daysFrom these
379 datasets, 19 were chosen for furtthetailedquantitative analysisAll acquired
microtomographic data were aenstructed using the code Tonyof&Gursoy et al.,
2014) into stacks of 2160 images each, with dimensions of 2560x2560 pixels per
image. Each of these image stacks containsdan@nsional representation of the
sample mapped onto a-Bi image, with the grey values reflectirgetlocal absorption
of X-rays (Fusseis et al.,, 2014a). Where the refractive indices change in the sample,
l.e., on edges, this absorption signal is locally overlain by a phase contrast signal
(Cloetens et al.,, 1996)The time series dataset covers the entire duration of the
experiment.

After the insitu acquisition of the microtomography images, a fragment of the cup
wall from theSGCwas taken to conduct naisgcale maging. Nanotomography was
conducted using a transmissiorray microscope (TXM) at the beamline-82 of the

Advanced Photon Sourcetbie Argonne National Laboratory. A monochromatic beam
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of X-ray with an energy of 8 keV was used. Arra§ objective lengorresponding to

a Fresnel zone plate with 88h outermost zone width was used to magnify radiographs
onto a detection system assembly comprising a LUAG scintillator, a Zeiss 5X optical
microscope objective lens and an Andor Neo sSCMOS camera. Nanotoimpgralals

a pixel size of ~60 nm after binning.

2.2.3 Image Processing Procedures

Zhu et & (2016) conductedpreliminary analyses and measurements on 2
dimensional (2-D) image slices(see Figure2.2b) of SGC through the @D
microtomography datasets acquirklére we present the results of a t@® volume
guantification of the microstructural changes in #&Csample (i.e., spatitemporal
charges in grai and pore volumes) and compénem with the results obtained from
LGC sample in this study.

In boththe SGC and the LGC samplassubregion that included both, the cup wall
nearsurfaceas well as thenterior of thecupw a | waé chosen for detailed inspection
from all datasets For each sample, two subvolumes with tHenension of
400x400x400 voxelwere croppedut from the region of interég the cup wall (see
Figure2.4, subvolume 1 and 2 from SGC and subvolume 3 and 4 from LG@)eIn
SGCsample subvolume 2 was further cropped to a volume of 247x400x400 voxels
(160.55x260x260 puAxto eliminate the boundary of the cup wall.

Imagesegmatation is the separation and extraction of phases of interests from the
3-D data sets for further analysis and quantification. A large range of segmentation
algorithms exist (e.g, Kaestner et al., 2008)n global binary thresholding, images are

segmented by identifying the grey valwnge representing a phase and assigning all
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voxels within that range a single value (usually 1) while all other voxels are classified
as matrix (and assigned a different single value, usualljH8ilbronner & Barrett,

2014) Global binarization was conducted in Avizo Fire 8 to isolate pores from solids.

(a) SGC (b) LGC

Figure 2.4. Positions of the subvolumes in the cup wall of a) SGC and b) LGC,
guantitative 3D microstructure analyses were performed. In the SGC sample, subv
(bottom box) is located at the center of the cup wall. Subvolume 2 (top box) is located .
to the outer rim of the wall. In the LGC sample, both subvolume 3 (hohiox) an
subvolume 4 (top box) are located at the center of the cup wall.

In the SGC samplet @he given spatial resolution, we could not resolve the new
crystalsthat precipitated within the cup wall and only the pore space was segmented
there. Pixels with grey values that fall in the ran§e00031;0.000077) were assighed
to pore space. We ed the segmented data to quantify the change in the spatial
distribution of pores durinthe experiment. Each subvolumas further divided into
small er cubes (side |l engths ~26 &m) i n whi
examinewhere changes in pasity occurredin the LGC samplegrey values that fall

in the range-0.00031-0.000®5) were assigned to pore space.
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In the nanotomographgiata, the grey value range (2.97672%10.13161) was
assigned to pore space. In these data, the olivine isseqted by grey valués the
range(0.30846, 1.3161). Voxels with intermediate grey values (0.13161, 0.30846)

were assigned to reaction precipitates (engqgnesite).

2.3 Data Aalysis and Rsults

We have observed the development of secongargsity during the reactiom
both theLGC and SGCexperimens (Figure 2.5). Detailed examination has further

revealedhat the porosity generation in LGC is signifidgmtifferent from that in SGC

Reaction Progress
s >

Figure 2.5: Reconstructed images showing the cresstion view of the sample undergoing
olivine carbonation. a) In the LGC sample, original olivine grains shrink, and secondary pore
space appears (yellow arrows), suggesting digsalaff olivine. Most of the large pore spaces
concentrate at the interior of the cup wall (highlighted by yellow dashed lines). b) In the SGC
sample the fracturesfirst developedat the surface of the cup and propagated from the outer
rim into the cupwall (highlighted by yellow dash lines). Larger pore space distributes mainly
near the mn.
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2.3.1 Dissolution in the LGC&nple

As the reactionproceeded, olivine grains in the LGC sample shrank in size and
secondary pores were produced (Figliba). Ths suggests that dissolution dominated
the carbonation reactian LGC, with little precipitation detected. The secondary pore
space formed first at the center of the cup wall and grew outwards (Ri§ajewhich
is opposite to that in SGC where fractugesw from the surface diecup wall inwards

(Figure2.5b).

Reaction Progress

Figure 2.6: a) Dissolution features in the cressctional images of the LGC sample. 3D
examination reveals that these dissolution features @ioerheads) are associated with planar
fractures (yellow arrowheads) appeared in b) the radial and c) the tangential section images.
The boarder color of each section corresponds to color code given in Figure 2

Planarfracturesformed within 36 hours fareaction in LGC (Figure.6), and the
experiment was stopped shortly after the formatibthesefractures. Because of the
lack of precipitation, these planar fractures could not be induced by theniform
volume expansion as in the SGC sample (4tal.e2016). Under a constant confining
pressure, volume reduction in olivine grains (i.e., dissolution) likely shortened the LGC

sample length athereaction proceeded. Because the axial piston was kept at a fixed
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position during the experiment, this@tening in sample length resulted a decrease in
axial stress. Bcause the LGC sample is mechanically weak (less cohesion), even
thoughthe reduction in axial stress is smélicould be sufficient to cause fracture

LGC in the manner adilation bandsunder triaxial extension (e.gZhu et al., 199y
Detailed examination of the 3D imagesealed the disappearance of small grains
along the plane which is clear evidence of dissolution. ;agefer to these planar
cracks as dissolutieassisted fractures under triaxial extensidime dissolution
assisted fractures were not observethenSGC samplieecause it is much strongéue

to its fine grain siz€e.g, Eberhardt et al., 1999; Singh, 1988he triaxial extension
stress condition would be no longer prasmrce precipitation started (after ~36 hours)

and sample volume expansion took place

2.3.2 Lack of Precipitation in the LGCGa8ple

Evidencefrom direct observation arguantitative analysis Bahown that the LGC
samplehas dack of precipitation.

Within the duration of the reactiohardly any precipitation was observed in the
cup wall.In the microtomographic imagease surface layer of tHeoseolivine grains
remained free of precipitateBoth sides of the cup wall remained straight and showed
no spalling due toprecipitationcausednonuniform stretching. The sample did not
experience any expansion as seen in the SGC sample.

Apart from the direct observatiogrey value histogramef the data also show
evidence of lacking precipitation in the LGC samplee grey value histograms of 4D
microtomography data evolve systematically duringito experiments, which can be

utilized in the evaluationof the reaction progreq$usseis et al., 2012pystematic
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analysis of thenistograms of the grey value distributiogvealed the progression of

reaction durig the experiment (Figur&7).
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Figure 2.7: Best fits for the grey value distribution histograms of the sample at different stages
of the reaction in a) subvolume 4 from LGC sample and b) subvolume 2 from SGC sample.
Different colors represent time lapses as shown. Pores, olivine, and precipitates are identified
based on their grey value rangesgher values correspond to lighter grey (solids). The more
negative a value is, the darker the grey color becomes (e.qg., pobdsckje Histograms of the

SGC sample were calculated from a 2D image (Zhu et al., 2016), whereas the histograms of
the LGC sample were calculated from 3D datasets.

Comparingthe histogram of SGC sample with the LGC sample, the shape of the
histograms from the LGC sample (Fig@&a) is clearly asymmetric compared to the
bell-shaped histograms in the SGC sample (Fig@ufie). The slope on the precipitation
side of the LGC himgram is steep and becomes steepeathaseaction proceeds,

indicating dissolution of olivine with little to no precipitation. The slope on the pore
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side of the LGC histogram becomes shalloduto the secondary porosity generation
due to the dissolutin of olivine.

Datafrom the SGC sample showddiat the histograms becaraiformly flatter
and wider over the duration of the experiment, with an increase in the nuntimh of
the darkest and brightest voxels at the expense of the weitblsntermedide grey
values These systematic ahges in the absorption behavean only be caused by the
sample reacting and indeed reflect the dissolution of olivine, the generation of pore
space and the precipitation of reaction products, in addition to phasastaround
newly generaté edges in the sample. The béstturves to the histograms evolved
systematically during the reaction and intersected in a relatively narrow grey value
range {0.000077,-0.000055) (Figure2.7). Voxels with grey values darker tha
0.000077 correspond to fluidled pores, whose volume proportion increases

throughout the reaction process.

2.3.3 Porosity Evolution of LGC @npared to SGC

Pore space dev@yment in LGC is significait different from SGCAs shown in
Figure2.5 and2.6, the secondary pore space in the LGC developed simultaneously at
the interior and the neaurfaceareaof the sample. However, in the SGC sample, pore
space first occurred imearea close to the surface and propagated inwards.

To further examine théifference in porosity generation of the LGC and SGC
sample during the reaction, pore spaces within the subvolumes are segmented from
the images and calculated. Fig@r& compares the porosity of subvolume 1 and 2 (Zhu
et al., 2016) from SGC arglibvolume 3 and 4 from LGC samples. As shown by the

figure, initial porosity of the LGC and SGC sampdesimilar. The rate of porosity
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increase in the LGC sample is similar to the SGC during the first 36 hours after the
reaction started. Porosity of th&C samples increasing throughout the duration of

the experiment while porosity of the SGC shows a decrease after 90 hours of reaction.
In the LGC sample he porosity increased ~5% alikkly resulted from dissolution.

This is consistent with other stied thatshowed the precipitate® not occur in olivine

carbonation within 36 hours of reactifmg, Lisabeth et al., 2017a)
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Figure 2.8: Comparison of porosity evolution in LGC (this study) versus SGC reported by Zhu
et al. (2016).

We then further evaluated the porosity distribution withie #ubvolumes by
guantifying the porosityahe2 D t angenti al slice along the
Figure2.9 compares the porosity distribution of subvolume 2 from the SGC sample

with subvolume 4 from the LGC sampfibvolume 4 shows a homogenetusease

29



in porosity of ~5% throughout the entire subvolume. Subvolume 2, while showing an

increase of porosity during the first 30 hours of the reaction, starts to show a porosity
decrease in areas close to the center of the cup wall after 81 hoursctadnrea

Comparison of the subvolumes from SGC and LGC revealed that the porosity
generation within the LGC sample is relatively homogeneous while the porosity
generation within the SGC sample starts to show nt r a st bet ween th
nearsurfaceareaand its interior after 81 hours of reaction. Results from the porosity

evaluation further suppaithe findingthat the LGC sample is dominated by dissolution

with no presence of precipitation.
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Figure 2.9: Porosity profiles ba) LGC and b) SGC along the radial direction of the sample
cup. Different colors indicate reaction time lapse.
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2.3.4Fractures in LGC vs. SGC
As discussedn 2.3.1, theplanar fracturesbserved in the LGC sample are likely a
result of the dissoluticassiste@xtensional crack his is different from thetretching
induced fracturesn SGC (see Zhu et al. 201@here nontuniform precipitation is
indispensableThe dissolutiorassisted racturing in LGC and the stretchuigduced
fracturing in SGC both generated secondary pore space during the experimehes, but

fractures in LGdiffer distinctivelyfrom thosein SGCin many ways:

- Firstly, the dissolutiorassisted fracturing is a simglplanar feature in 3D with
no obvious secondary fractures branching out, while the fractures observed in
the SGC sample formed a network of intersecting cracks. FRjl@a shows
the morphology of the dissolution plane and the fracture network in 3®. It
shown in Figur@.10b that the fractures intersected with each other and formed
a complex wedge shape network with the
interior. The dissolutiomassisted fracturing mainly developed along a plane and
shows less intesection with other features.
Secondly, the LGC sample dominated by dissolution features shows clear
evidence for shrinkage of larger grains and disappearance of smaller grains at
the interior of the aggregate (Figuzba). The SGC sample exhibits patches
that develop duringhe reaction which are evidenéar the reaction product
precipitation (Zhu et al., 2016).
Thirdly, the development of micrescale dissolution is simultaneous, with the
shrinkage of grains occurring both at the surface and the intétioe cup wall

(Figure 25 and 2.6a). In contrast, development of the reactiotuced
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fracturing is succesge with most fractures occurririgrst at the surface and
migratingtowards the interior of the cup wall. This caused the observed wedge
shape bthe fracture network (Figur210b). Development of the fractures also
exhibits hierarchical sequence with main fractures appearing first. The
secondary fractures branch out from the main fracture and divide the sample
into smaller domains (Figure 2 frodhu et al., 2016).

- In addition no precipitates were observed along planar dissolution features in
the LGC sample, the cup wall remains straight throughout the experiment. But
for the SGC, the cup wall shows clear spalling which is a sign ctindorm

expansion that links to precipitation in this experiment.

Dissolution-assisted Stretching-induced
Fracture in LGC Fracture in SGC

Figure 210: The 3D geometry (in red) of a) dissolutiassisted fracture in LGC is
distinctively different from b) the stretchirigduced fractures in SGC. Batlisplayed volumes
are 260x260x260 phin size.
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2.3.5 Dissolution and Fracturing of Individual Olivingdi

Thereaction affected not only the aggregate but also the individual olivine grains.
Both the dissolution and fracturing are observed at graire snathe SGC sample.
Figure2.11 shows a series of image slices through a nanotomography dataset, moving
through an olivine grain in the cup wall. The grains clearly exhibit channels (etch pits)
in the reaction zone. In video Se€Xing et al., 2018it can be seen that these channels
penetrate into, and even through olivine grains. As we do not observe any precipitation
filling or clogging the tubes, it is therefore reasonable to think that the channels start as
etchpits and grow deeper with the advancing of dissoluti@heentuallybecome the
throughgoing channels observed here. The tubular shape and the depth of penetration
i ndicate that they are 6worm holed featur e:
and the width of these channels vary, with wider inner channel diessristéow the
surface suggesting more extensive dissolution at depth. On average, most typical tubes
have an inner diameter of around ##1.

The fracturing is also obsesd on individual grains at nameter scale. Figur2.12
shows nanotomographic eviderfoe hierarchical fracturing within olivine grains. The
secondary fractures devekapirom the primary fracture and foedin a direction that

Is perpendicular to the earlier ones.

33



(b)

(d)

Figure 2.11: Reconstructed images fromthean ot omogr aphy data of the
wall demonstrate the existence of efiits and dissolution channels (white arrows) formed in

the olivine grain. The precipitates (darker grey) partially fill the pore space (black) between

olivine grains (lighte grey). The yellow dashed line (a) marks the orientation of the-cross

sections (k). The vertical distance between each 2D esggtion is ~600 nm. Reacting fluid

causes a preferential dissolution of the grain which develops small channels that thg into

grain. These features provide a fluid path and eventually break grains, exposing new reactive
surfaces.

Crack

Network Olivine

Precipitates

Figure 2.12: Network of microcracks (red) in the reaction olivine cup wall from SGC shows a
polygonalpattern. The dissolution channels make the grain (light grey) more susceptible and a
stress concentration is also likely to occur around the etch pits.

34



In thereconstructeanicrotomographic images of the loogeains from theSGC
we observed the precipitan of secondary minerals on the surface of the olivine grains
inside the cup (Figur2.13). On the basis of their rhombohedral shapesidentified
these as magnesite crystdtawever, the phase contrast between the precipitates and
olivine grains is ery small, and at the current spatial resolution of ~2 micron, we could
not segment precipitates from olivine grain with acceptable uncertaiQ@iber
minerals (serpentine, brucite, etsee reactiolR2.1~-R2.4) were lkely also present in
the sampléutcould not be isolated at the given image resolution. Measurement of the
magnesite circumference revealed continuous growth during the experigsent
Figure 5 in Zhu et al., 20167 he first magnesite crystals emerged after 48 hours, and
grains kept nucleating and growing after that. Growth continued until the experiment
was aborted and no deceleration could be observed at any point, which indicates that
the sample continued reacting. We determined a growth rate for the grain perimeter of
0. 772 & mhidh dyassuming cubic shape of the crystizlds an equivalent
growth rate of 7.18x1®¢ rrhourl. We used a density of 3.01 g-énand molar
weight of 84.314 g-mdl for magnesite (MgCeg) in our calculation. Assuming a
specific react i &:ihisgaveafmagnesiegrowtbr@t@BR10 € m
15 mol-cn?-st. This is in general in agreement with the calculatiorSaldi et al.

(2009)
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Figure 2.13. Volume change of an individual olivine grain (total volume of olivine and
precipitates) during carbonation reaction in the SGC experiment. The precipitates are
idiomorphic and referred to as magnesites Wereet al., 2016 This observed volume change
results from a combination of the dissolution of olivine and precipitation of magnesites.
Fluctuations of the grain volume manifest the altering dominancdissfolution versus
precipitation.

The volume change of a loose olivine grain inside the cup was calculated to quantify
the competing effect of dissolution and precipitation during olivine carbonation.
Individual grains were labedl from the segmented datad their volumes determined.
Figure 2.13 plotsthe volumechange ofa single grain selected from the loose grains
inside theSGCover 13 successive microtomographic datasets (covering 146 hours).
Magnesite overgrowth causes a significant roughening eofotivine grain surface.
While the volume of the individual magnesite grain steadily increased throughout the
reaction(Zhu et al, 2016) the total volume of the grain (olivine plus precipitates)
fluctuates from time to time, which reflects variable rates both in the precipitation of
magnesite as well as in the dissolution of olivine. A large drop in grain volume occurred

at arand 38 hours, which is consistent with a period of vigorous olivine dissolution.
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The largest continuous grain volume increase took place betweand® hours,
caused by the precipitation of magnesites. At ~70 hours, the grain volume again
decreased coiterably, indicating that dissolution becaoh@minantonce more. This
second dissolution episode coincides with the appearance of remchimed fractures

in the aggregate wall at ~68 hours, suggesting a positive feedback process.

2.4 Discussion

We claimthat our experimental observations indicate the activity of two different
mechanisms that both create fluid pathways effectively. These are dissolution
dominated fluid pathway generation at micrometer scale in the case aGiie
experimentand at nanmeter scale in the case 8(GC andreactioninduced fracturing

in the case of thEGC We detail our interpretation in the following sections.

24.1 Dissolution and t&€h-pitting

Dissolution and etcp i t t i ng are 1important mechani sm
surface morphology and tipermeability of the sample (e.ding et al., 2010; Rayne
and Jamtveit, 2005 The nanotomographic observation, that efutting incurs
extensive dissolution beneath grain surfaces, was also documeriteshbgth et al.
(2017a, 2017bjluring the carbonation of duniteBeuble et al(2018)also observed
nanometr scale veinlets forming oblique to swbrtical channels in partially
carbonated olivine grains during percolation experimeme. hollowing out of olivines
seems especially important in areas where the grain boundary porosity is decreasing
due to the prapitation of secondary minerals. There, subsurface dissolution channels

in olivine grains preserve important fluid pathways and maintain the reaction. This
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supports the hypothesis @&ndreani et al. (2009}hat the permeability can be
maintained by the preferential dissolution evethmcases where the overall porosity
is decreasingApart from providing access for fluids, subsurface dissolution features
also make the grain more susceptible to fracturing and thereby promgengration
of fracturing observed in the experiment.
The permeability of these dissolution channels was &l using Hagén
Poi s e aw(Pdiseuiles 18443 nd D aaw(©ady,4858) HageiiPoi seui | | eds
law allows the calculation of the fluid flow inside a tube in dependency of the pressure
gradient:

“i Y0

) —w_%

P

where Q is the volume flow/rate of discharges the radius of the tube; is the
viscosity of the fluidandeeP 1 s t he pressure difference ov:
law stated that the rate of discharge is proportional to the viscosity of the fluid and the

pressure drop over a given distani.e., for a tube with a radius inr:

Q1 YO
— Y0
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wherek is the permeability of the tube. Combining the two equatibmsn then be

derived as:

|
0
P

In this experimentr is ~6 pixels (360 nm). This yields a permeability of

€

~1.6x10* m?, which is high enough to transmit reacting fluids through these channels.
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Considering the dens.i ey theodrain,dhe gpermeabiitp | e 6
contributed by the channels could be reduced by two orders of magnitude but is still
able to transmit fluid.

These intragranular channels contrast the transgranular fractures. But the
development of these etgtitting dissolition channels also provideafluid path for
the reaction and allos\a more extensive degree of alteration of the grain. They weaken
the grains, make them more susceptible to disintegration and provide nucleation sites
of the later fracturing. While spa#n our data, wehink that over geological tinseales
the contribution by dissolution chana¢d bulk permeability and the advance of the
reaction would be ghificant. However, on the tingeale of our experiments, these
features alone aiiasufficient to explain the observed sslistainability of the reaction
considering the scale and density of the dissolution charenalswe argue that the

main contribution must confeom volume mismatch cracking in our laboratory study.

2.4.2 Reactiorinduced Facturing

Olivine carbonation could produce up @34% increase in solid molar volume
assuming the reaction can proceed to completion. If such a volume increase takes place,
the crystallization pressure generated could be high enough to fréwuhest rock
(Kelemen et al., 2013; Kelemen & Hirth, 2012owever, experimental studies on
olivine carbonation show no evidence of high crystallization fofeas Noort et al.,
2017)but rather suggest that precipitation causes the pore space to fill up and halt the
readion before the crystallizatieimduced pressure reaches the critical value needed to
generate fracturdHovelmann et al., 2012; van Noort et al., 201@ur quantitative

estimates indicate that in these experimahsmaximum volume expansias ~5%.
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This is not enough to break the host rock, as shown in salt crystallization experiments
(Scherer, 200¢ Indeed, the nanotomography data show only dissolution features such
as etch pits and worm holes, with no evidence of cracks in olivine grains surrounded
by precipitates (Figur2.11). The lack of evidence for crystallization pressinguced
crackingis consistent with other experimental studies (ddxelmann et al., 2IP).

Based on a microtomography experiment, Zhu eRall§)proposed an alternative
fracturing mechanism during olivine carbonation where crystallization pressure is not
high enough to directly break the host rock. In their experinteatpbserved &cture
patternsin SGCare analogous to desiccation cracks (eEgdelman, 1973; Plummer
and Gostin, 1981 In the Zhu et al., (2016jnodel, the loose olivine grains inside the
cup act as precipitate traps thaek the surface of the cup wall relatively free of
precipitation. In the interior of the cup wall though, away from the precipitate traps, the
crystallization pressure builds up and causes expansion. While the crystallization
pressure is too low to caudeesr fracturing of the cup, the expanding cup wall interior
stretches the surface of the cup wall and causes it to fail in tension and tear. This is
facilitated by the neaconstant surface area (which decreases slightly as a result of
dissolution). In anagy with desiccation cracks, the resulting fractures form
characteristic and systematic polygonal patterns: The first set of fractures istatsect
right angles, and all subsequent fractures divide the sample into smaller polygonal
domains with increas@ intersection angles. Since the fracture pattern develops
successively rather than simultaneously, the higiheer fractures form in a different
stress geometry and as a result migrate perpendicular to the surfaces generated by the

previous fracturing eant.
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To evaluate the potential of surface stretching as a fracture generating mechanism,
we estimated the stress that could be produced by the volusneatch in the cup wall
of SGC We did so by identifying and tracking grains whose spatial coordingtgs (x
z) changed continually as the sample expanDetancedetweernthesegrainswere
measured at different times. Our measurements indicate an average expansion of ~9.1
MM over a distance of ~260 um from 7 hours to 125.9 hours after the start of the
experiment. The resulteevealed an axial elongation of 2.78~4.71% in ~120 hiours
the LGC sample. However, little to no expansion was observed at thsurésrearea
of t he s amprhiwodd translgte itoaah dxial strain of ~0.03 of the outer
layer in order to compensate the volume mismatch. The elastic moduli and strengths of
the synthesized porous olivine aggregates are similar to weak sandstones. Using
Youngos modul us of ~10 GPa yields extens,|
expansion of-300 MPa, easily exceeding the tensile strength of the sample (~10MPa).
Interestingly, our estimate of extensional stress generated by the volume mismatch is
of the same magnitude to the stress from crystallization pressurizatiokéégen
et al.,, 2013 . For natur al per i doomilf8eto 1944BGRang 6 s me
(Christensen, 1966jensile strength is 50 to 290 MRand spall strength is ~58 MPa
(He et al., 1996)An equivalent volume expansion of ~10% in nature could lead to a
stress of 3.245Pa. In both cases, the stress is more than sufficient to fracture the
material. However, these are simple estimations of stress and strain made with basic
assumptions and local conditions. Considering the extent of the local carbonation

reaction and howhe expansion in the center is affecting straining of the outer layers,
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the estimated stress can be considerably lower but shouldestill a range that is
sufficient to break the material.

To generate the expansion cracks via surface stretching, theesolismatch must
be substantial, which requires keepthe nearsurface region free of precipitateu
et al. (2016)suggested that the loose olivine grains inside the sample cup worked as
precipitate traps/attractors in this experiment. Because the rate of crystal growth
decreases drastically as the curvature of the substrate inc(€ase& et al., 2013,
Ziese et al., 2013)arge grans in general are preferred sites for precipitation of new
crystals. With a size contrast of ~2 ordefsnagnitude, the loose olivine grains (100
500 &m) in the i mmediate vicinity of the
precipitate traps andereby kept precipitation level at the surface of the olivine cup
wall low.

We tested the idea of volume mismatch cracking by conducting the LGC
experimentNow the size contrast between the grains forming the aggregate in the cup
wall and the loose grasninside the cup was significantly reduced, and we expected
less efficient precipitate trapping, and consequently little to no reaiciiiiced cracks.

The experimental results support this idea. The only planar features obsethed in
new microtomographgxperiment are planar dissolutiassisted crackinf-igure2.6
and2.103.

A detailed examination of the dissolution channel shown in E&revealed no
evidence of precipitates there. This places doubt on the crystallization pressure being

responsible for fracturing during olivine carbonation. If not, what could be an
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alternative explanation for the observed fracturing? To further addresguistion,

we examined the porosity evolution and distributiothie 3D tomographic datasets.
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Figure 2.14: Pore distribution within the subvolumes from SGC sample. For subvolume 1
which contains a morimterior of the sanple, porosity is relatively homogenous among the
volume. For subvolume 2, as it contains a more outer part of the sample, a concentration of
high porosity can be found in the outer edge compared to the inner edge of the subvolume. This
contrast in porosyt also reflects a neaniform precipitation which generates stress that
fractures the rock.

Despite the histogram analysis rewegla bulk increase in the porosity of the cup
wall during the experiment, the distribution of these newly generated pores was
inhomogeneous in the sample (Fig#® and 2.14). This perturbed the initially
homogeneous porosity distribution. This effect became particularly apparent in
subvolume 2, which started to exhibit higher porosity where it was closest to the outer

surfaceof the sample after 68 hours (see Vigdl&2, S3, S4rom Xing et al., 2018or
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details). The difference in porosity distribution within the sample became more
pronounced as the reaction proceeded, with porosity in the outer sofrfheecup wall
increasing while the porosity inside the cup decreased. In our interpretation, this change
in the pore volume reflects a contrast in the precipitation rate where precipitation
proceeded more slowly in the outer part compared to the imneoijthe sample wall,
leading to different rates of expansion and the generation of tensile stresses.

The O6éexpansion <c¢racks via stretchingéb
microstructure evolution in two subvolumesSGC (Figure2.4). Since subvolumé
IS located at the periphery of the cupyduld befractured before subvolume which
is locatedin the center of the cup wallhis predicionf r o mexpamson dracks via
stretchin@ mechanisnis consistent with the observed distribution of pgrace that
most porous areig locatedclose to the peripheryhis mechanism also explains why
the fractures tend to develop perpendicular to the reaction surfaces. Similar models
relating the reaction generated stress and fractukesalso been used &xplain other
exfoliation cracks (e.gBlackwelder, 192h

In summary, two fundamental observations from our experiments are inconsistent
with the Acr ystnalulciezda tf ir aand fonmn gtenisg @rguements e |
againshighcrystallzation forcesi(e., sufficient to break the surrounding rodkigure
2.11,2.14). Firstly, if the cracks were generated directly by crystallization pressure, we
should expect them to initiate i region with intense precipitation and porosity
reduction.However, in the outer layer of our sample where the fractures are observed,
no precipitates formed prior to the fracturing. Secondly, on the nanoscale, the channels

formed by dissolution show hollow and smooth inner surfaces and no precipitation of
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magnegie (or any otherminerals) which shows evidenaaf low crystallization

pressure.

Qur detailed analyses provide quantitat:

vol ume mi smat cho madhdetlal (2016)Psevioupexperpnersaé d by

studies on olivine carbonation show that the crystallization force igvaw Noort et

al., 2017) suggesting that breaking host rocks by crystallization pressure as in salt
crystallization is unlikely which is in contragt fracture netwdks that are commonly
observed in naturally occurred serpentinized and carbonated peridbtge®t al.,
2008; Macdonald & Fyfe, 1985We present a resolution to this conundrum by

documenting a process that allows fracturing without h bigstallization force.

2.4.3 Coupledvechanisms faDissolution and Precipitatiedriven Facturing

The findings of this study can be summarized in a mechanism that couples
dissolution and precipitation during olivine carbonation. If dissolution andpiagton
are heterogeneously distributed in a rock,-naiform volume expansion can cause
breaking of the host rock via surface stretching. In nature, heterogeneity in the porosity
and permeability of a rock formation is common, which may causeuniborm
concentration of reaction and distribution of precipitat{gvells et al., 2017)As
shown in our study, the resulting volume mismatch could lead to expansion fractures.
The fractures provide nefluid pathways and expose fresh reactive surfaces to sustain
the carbonation. Ithe longt e r m, fluid pat hways-hmdy obe
etch pitting. Dissolution channels could deterioratek strength over longer

timescales (Figur@.15).
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Figure 2.15: lllustration of porosity generation mechanisms during the olivine carbonation
reactions. A combined mechanism of surface cracking and the dissolution channelization plays
an important role in the porosity geneoati Heterogeneity in the micigructure of the
material would cause namiform distribution of precipitation. This would lead to the
generation of surface cracking via volume mismatch and generate secondary porosity.
Dissolution also produces pore spaaed fluid pathways through etgditting channelization

which makes the grains susceptible to the cracking on a longer timescale.

In a field study on segmntinization of peridotites at ocean ridgBauméjon and
Cannat(2014)show that the reactieimduced fracturing occurs in the early stages of
serpentinization (probably before 20% of serpentinization) while the rest of the volume
increase is accommodated by the serpentine itself and dissolution processegedom
until completion of the reaction. Clearly, natural processes are more complex.
Laboratory studies are not capable of simulating nature settings due tasthe v
different length and tinszale. Instead, we focus on understanding the underlying
mechamsm of porosity generation during olivine carbonation reaction. Using the

coupled dissolution and fracturing model described above, we postulate that at the
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beginning of a carbonation reaction, dissolution plays an important role in maintaining
porosity. As reaction progresses, maniform expansion of the rock due to
precipitation could lead to fractures. Once the host rock is fractured, accelerated
reaction takes place to achieve 100% carbonation.

In general, several different mechanisms seem to fdeilitévine carbonatiorand
contribute to sustaing it. On relatively short tingeales, rapid reactieinduced tensile
fracturing could be the dominating mechanism that maintains the reaction, whereas on
a longer timescale, dissolution and the formationclnnellike structures may

dominate.

2.5 Conclusions

Using synchrotrofbased microe and naneomography, we documented and
guantified the reaction progress during olivih@d interaction on the micron scale.
This allowed us to identifynechanisma that sustain the reaction despite its large
positive volume change.

In summary, ar experiment results suggeise following

- The reactiorinduced fracturing observed in our experiments results from non

uniform volume expansion. Tensile stressarise from heterogeneous
precipitation and the resulting contrast ihe expansion between a
fasterexpanding interior and a slowexpansiomear thesurface.

- Even though the dissolution cannot be used alone to explain tfaénabdity

of the experirental timecale olivine carbonation, it provides evidence that
dissolution etckpits can provide fluid path and fresh reaction surface for the

reaction to proceed. This helps in explaining the naturally occurring complete
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alterdion of peridotite, as themescale for natural carbonation ranges from
thousands to million years. Even if the dissolution channelizing would only
allow slow fluid flow, it could still induce significant alteration given time.

The coupled mechanism of dissolution and reactioluced fracturing
accounts for maintaining the reaction processes during olivine carbonation. It
explains on different time and space ssédle formation of observed natural
outcrops of copletely carbonated peridotite.

The results from our experimental studigo provide new insights into the

application of CQmineral sequestration.
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ChaptSarab3:1i zing Effect of High

SIlip Behaviberag i mfg Gawdd s

Abstract

We conductedexperimentsto investigate the influence of poflid pressure on
the frictional strength and slip behavior of gougearing faults Sawcut porous
sandstone samples with a layer of gouge posvolaced between the poeit surfaces
were deformed in theonventional traxial loading configuratianA series of velocity
step testswere performed to measure the responsettd friction coefficient to
variationsin sliding velocity Pore volume changasere monitored during shearing of
the gougeOur results demonstrate thander constant effective pressurereasing
pore fluid pressurstabilizes the frictional slip of faults with all four gouge materials
including antigorite, olivine, quartz and chrysotildhe stabilizing effect is the
strongest imntigoritegouge, which showan evolution of friction parameterfsom
velocity-weakening twards velocity-strengtheningbehavior with increasing pore
pressure.Experiments with controlled pore volume show that the pore volume
reduction diminishes under high poraidl pressures, implying an increasing dilation
component at these conditions. Based on these observations, we phepabkatant
hardening is responsible for the observed strengtherlihgse results provide a
possible explanation to the observed spaiarelation betweeslow slip events and

highpore fluid pressure many subduction zones

49



3.1. Introduction

Geophysical observations revealariety ofslip behavios along the subduction
interface, including theeismogeniclip, slowslip andaseisnic creep. Compared to
regular earthquakes, slow slip events exlslmwverslip rates, smaller stress drepand
generallylack high frequency componer{®eng & Gomberg, 2010%low slip events
are observed at both the-upnd downdip limits of subduction seismogenic zones,
often in regions where elevated pore fluid pressures are inf@figdre 3.1). For
instance thedowndip limit at the Nankai Trougiwheretremor andslow dip evens
are observe(e.g.Obara, 2002; Shelly et al., 20@Rhibits ewdence ohearlithostatic
pore fluid pressurée.g.,Kodaira et al., 2004; Peacock et al., 2011; Shelly et al., 2006)
Heise et al.(2013, 2017) also show that reduced fluid content is associated with
seismicity while fluid overpressure correlates with aseisreep These observations

together suggest that high pore fluid pressures may promote slow slip behaviors.

Stable
(Aseismic)

Conditionally

Stable
Unstable

(Seismic)

Conditionally
Stable

Stable
(Aseismic)

h pore fluid pressur:

Figure 3.1: lllustration of the slip events distribution within the subduction zone. A variety of
slip behaviors can be fouratbngthe subduction interface. High pore fluid pressures may play
a role in the occurrence of transitionipp ehaviorgmodified from Bilek & Lay, 2002)
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For afault with a normal stress, and apore fluid pressurés, the effects of pore
fluid pressure on fault slip are usually quantified under the law of effective strass (
Pr) (e.g. Terzaghi, 1943)Fault slip occurs when the shear stress along the fault,
reaches a critical valug=m(snT P;), wherem( 0. 6 O O O 0.85 for

coeecient of sliding friction (Byerlee, 1978) An increase in pordluid pressure

reduces the effective normal stress and causes the fault to slip at a lower shear stress.

This stresshreshold model of fault slijphowever,does not predicivhetherthe slip
induced by highpore fluid pressures seismogeio or aseismic.

Using the ateandstatemodet derived fromaboratory experimentsn frictional
sliding, slip instability can be appraised by the difference between two empirical
frictional parametersaa and b, representing the rate and state dependence of the
frictional strength (e.g. Dieterich, 1979a; Ruina, 1983)A negative velocity
dependence factora{p) indicates decreasing frictional resistance with increasing
sliding velocity. Such a velocity weakening system has the potential for dynamic
runaway (Gu et al., 1984) A positive @-b) corresponds to velocity strengthening
conditions in vhich frictional resistance increases with sliding velocity, resulting in
stable sliding. Slow slip events may arise from faults that are nearly velocity neutral,
l.e., at &-b)~0 (e.g.Rubin, 2008)r when the effective pressure is |¢&vg.Leeman et
al., 2016) The stability of frictional sliding can be described by the critical stifff@ss
(Rice & Ruina, 1983)

a 0 w,
_— O
0 P
In case whereafb) < O, the slip caraccelerate to instability when the critical

stiffness’Q is lower than theystemstiffnessk (Gu et al., 1984; Rice & Ruina, 1983)
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The slip stability can be affected by a third frictional parametBg,
thecharateristicslip weakening distancéargerDc favors stable slip.

Therate and state frictional parametefsa rock can be affected by a variety of
factors, such as the mineral compositi@g. Moore & Lockner, 2011) porosity
(Blanpied et al., 1995; Takahashi et 2D11) strain rategGoldsby & Tullis, 2002;
Niemeijer et al., 2010; Rabinowicz, 1958emperaturgChernak & Hirth, 2010;
Chester, 1994; Chester & Higgs, 1992; Lockner et al., 1886)pressure cditions
including both effective pressure amderstitial pore fluid pressurée.g.Carpenter et
al., 2016; Morrow et al., 1992; Sawai et al., 20Gnong these factors, the interstitial
fluid pressurdnas been observed to exert important controls on fault slip beh@prs
Rutter & Hackston, 2017; Sawai et al., 2Q16)

French et al.(2016) investigate the controlsof pore fluid pressurization and
pressurization rates dheslip styleof experimental faults in saaut samplesThey
show thatincreasing pore fluid pressure alone is insufficient to inducelerated slip
eventsunless the confining mechanical stresses decrdaseet al. (2009showthat
excesgpore fluid pressureleveloped during the shear of fault gougeders gouge
consolidation and cementatioand consequently inhibits seismic nucleation. Other
experimental studietfyowever, suggeghat high fluid pressure reduces the velocity
dependence factor and favors rupture nucleafidemeijer & Collettini, 2013)
Change inpore fluid pressurealso reduces effective pressuBawai et al.(2016)
demonstrate that decrease dffective pressure causestransition from stable to
unstableslip behaviorin blueschist sample&cuderi et al(2017)also show that fluid

pressurization could overcome strengthening friction and cause fault instability. The
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appaent disagreements in whether higbre fluid pressureenhances or impedes
unstable slip could be due to the different rock materials tested. It is important to note
that in these experimental studies, the change in slip behaviors were discussed in the
context of variations in the effective pressure (as a consequence of varying pore
pressure) in addition foore fluid pressurgariations.

French & Zhu(2017) studed the rupture, loalization, and slip of faults in
serpentinite rocks under varying pore fluid pressumaditions.They showed that at
the same effective pressurkigh pore fluid pressure redutehe rate of fault
propagation in intact serpentinite and calsetransitionin brittle faulting from
dynamic to quasstable(French & Zhu, 2017)OugierSimonin & Zhu(2013, 2015)
also observed that shear localization in porous rocks could be stabilized by increasing
porefluid pressureduring the post failure stage of faultinghis stabilizing effect of
highpore fluid pressurbas been explained by the dilatant hardening mesimnwhere
the growth of cracks during brittle deformation leads tm @ncreasen pore space,
causng the pore fluid pressuréo drop andhe local effective streds rise, making it
harder for cracks to grow. As such, dilatancy in a fkadurated rockstabilizesfault
propagation andtrengthes the bulk rock (Brace & Bombolakis, 1963; Frank, 1965;
Rice, 1975; Rudnicki & Chen, 1988)

In this study, we investigated whether the strengtheeffert of high pore fluid
pressurestands true for frictionaslip alonggougebearing experimental fault§Ve
studied phyllosilicate gouges, antigorite and chrysotile, because slow slip events have
been repeatedly observed phyllosilicate bearing seismogenic faults (e.&helly,

2010. For comparison, we also studied olivine and quartz gougestiés of velocity
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step testsvereperformed to measure the response of friction coefficient to variations
of sliding velocity We al® measured the rate and state frictional parametdssgnd
characteristic displacemebk to quantify the slip stability. In all tests, we kept the
effective pressure constant so thiae effect of pore fluid pressur@one on the
frictional properties of gouge materiatsould be discernedWe also performed
microstructural observations to understand the deformation mechanisms. Our goal is to
gain a better understanding of th&fect of high pore fluid pressuren frictional
behavior which ha important implications on the occurrence of different types of slip

events in subduction zones.

3.2. Experimental Procedures

Phyllosilicaterich rocks are common along seismogenic faults and plate
boundaries. The frictional behavior of serpentines isghbto have a great influence
on the behavior of faults that exhibit diverse slip mo@sazaki & Katayama, 2015;
Reinen et al., 1994; Takahashi et al., 20Therefore, in this study we investigateot
serpentine gougpowdes, the Verde Antiqueantigorite and Zimbabwehrysotile
Together with olivine and quartgan Carlolivine and quartzppowdersfrom U.S.
Silica respectively, our samples include common minerals present along plate
boundaries.

For each experiment, a layer of gouge composed of 2 grafimegfrained (<150
e miry serpentingpowderswas placed along a 30° saeut surfacein a cylindrical
poroussandstong25.4 mmin diameter and 50.8 mm heigh) shearing blockFigure
3.2). The sawcut surface was ground with 120 grit diamond wheel to ensure a

consistent surface propertfhe sandstone shearing blocks were made of Berea
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sandstone which has a porosity of ~20% and permeabilt¥G"5 m? (Zhu & Wong,
1997) We adled a few drops of distilled water into the dry powder to spread the gouge
evenly over the sawut surface. The thickness of the gouge is ~1 mm. Because the
density differences between serpentine (~2.52 $)/antivine (3.27g/cn¥) and quartz
(2.65g/cn?¥), we adjusted the weight of the powders, i.e., ~2.6 glfeine and~2.1 g

for quartz in order to maintain a consistent gouge thickness.

Pore Pressure

:

—

End-cap

()
| Hose Clamp

Alumina Spacer

Pressure ™ Alumina Spacer

Vessel
i |~ Copper Jacket
Sandstone

|~ Gouge Layer (Saw-cut)

|7 sandstone

(Saw-cut) Gouge Layer

Lead Jacket

Confining
Pressure

Force
Gauge

4 Axial Load

Figure 3.2: Sample and equipment configuratidntraditional triaxial deformation apparatus
is used in this study. The confining pressure jaor@ fluid pressurare controlled individually
through external servoontrolled intensifiers. Thin sections of the saenpte made along the
plane marked by the red dashed lifibe equipment configuration is for illustration only and
is not to scale.

The goug€filled sawcut samplewas first jacketed in a 0.0508 mm thick copper
foil. The foil wrapped sample wéseninsetted intoa 1.27 mm thick lead tubeith an

inner diameter of ~53mnThe samplassembly also includéwo alumina spacers and
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end caps, and the lead jackeds thensealed by hoselampsando-rings on the end
caps (see Figur&2). The pore fluid accegs the sample was provided by small centric
holes in the alumina spacers and end capgogasand cionized watewereused
as theconfining medium angore fluidrespectively

Before each experiment, the sampias first brought to @onfining pressuréPc)
of 20 MPafor a precompaction of ~15 hourd'hen apore fluid pressuréPr) of 10
MPawas applied to purgair bubbles from the system. After that, the confining and
pore pressugewere changedto the desired experimental conditions ftbe friction
experimentskor experiments conducted at 70 MPa effective pre¢Bur€), thepore
pressure ranged from 5 to 60 MPa and the confining pressure was adjusted
accordingly to keep the effective peaireconstant at70 MPa. For experiments
conducted at 30 MPa effective pressure pitie pressuseranged from 10to 90 MPa
All experimentswvere conducted at room temperature.

Two series of experiments were conducted. In serées the pore fluid pressre
was kept constaninder servecontrol (referred to as constapore fluid pressure
experiments, CPP). Velocity stepping tests were performed ardratate frictional
parameters were obtained. In the CéHies, the changes in pore volume during
shearing of the gouge were measured. In the other case, the pore volume was held
constant during sliding by locking the piston of there fluid pressurentensifier
(referred to as constant pore volume experiments, CPV). In the CPV tests, the change
in Pr due to sample dilation and compaction were monitored. In the CPV tests, we
unlocked thepore fluid pressurentensifier intermittently to keep the pore fluid

pressure relatively stable. The maximpre fluid pressurehange allowed was ~5
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MPain CPV tess. Becauseof the changingpore fluid pressure&uring CPV tests,
measurements o{b) andDcwere less consistent and showed large variation due to
pressure fluctuations. Thus, thelf) andDc from CPV experimentsere not used to
discuss slip behaviaors

Samples were deformed at a constatial displacement rate (loading velocity) of
0.5 >m/s. For each deformation test, once slip along the-satwsurface occued (at
~1.5 mm axialdisplacement the axial displacement velocitywas stepped in
incrementsetweerD.1and5 € m/(see Table.1). To ensure a drained condition of
gouge, during all CPP experiments, sliding velocity was chosen between @.1ntd 1s
Following each velocity change, we allowed 0.5 mm axial displacement. This gave
sufficient displ@ement for the steady state friction to evolve and stabilize and produced
a reliable measurement of rate and state friction parameiées.axial displacement
was measured bylanear variable differentigrandormer(LVDT) affixed to the axial
piston. An external force gaugeas mounted at the piston outside the vessel from
which theaxialload(, 1) was measuredsee Figure.2). From theforce gaugeeading,
differential stresgk, =, 1 - Pc) can be calculated.dg8ause the load cell was located
outside the pressure vessel, a seal friction correction has been made to the differential
stress reading in order to account for theng seal friction (see Appendix C).

The friction coefficient (shear stres$ normalzed by theeffectivenormal stress
on the fault plan€sn 1 P¥)) is calculated from differential stre¢k, ) based on the

following equation:

t @Y, O Eq%o @Y, O Eq%o

, Uz YOEPo 0 0 mY, p Al @ 0 0

og,
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where%ois the angldetween thgouge layelandthe axial load, 1. There areseveral
sources of errorsin the different stress measurementkie to the apparatus
configuration In order to obtain the true stress applied on the sample jes sér
corrections are requiredlhe potential error sources and methods used to make
corrections are discussed in Appen@ix

The velocity dependence facterlf) of the friction coefficient is deduced from the
measurements usindpe rate and statedepemlent friction model(Dieterich, 1979;
Ruina, 1983)Characteristic displacemed) describes thdisplacement required for
the slip to evolve to 1/e of the friction change to a new steadyfslim®ing a change
in slip velocity(Kilgore et al., 1993)Calculation of therelocity dependence facta-(
b) and the measuremieof D¢ are discussed in detail in the AppendixFre volume
changes during the experiment are calculated fronpdine fluid pressuretensifier
piston displacement measured by an LVDT.

The sampleswere epoxy impregnated after the deformation amere cut
perpendicular to the shear plane and parallel to the slip vector (see Figureh$h2).
sections of antigorite and olivine gougesre made after the experiments amee

used for microstructure analysis.
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Step# 1 2 3 4 5 6 7
Velocity Steps| 0.1to | 1to 01to | 1to 0.1to | 1t00.1( for CPP | 0.1to 1{) for CPP
(em/ s 1() 0.1€) 1() 0.1€) 1() 1to5 () for CPV | 5to 1 () for CPV
Axial
Displacement| ~0.5 ~0.5 ~0.5 ~0.5 ~0.5 ~0.5 ~0.5
(mm)

Table 3.1: Axial displacement rate for the step tests during each experiment. For step 6 and 7,

the axial displacement rate igd0.1 and0.201 e m/ s f or CPP tobamé&r i ment s,
tol em/ s for C@e)Wwelecy maeasinmstaps,)svelocity decreasing steps.
Constant Pore Pressure Experiments (CPP)
Pc Ps Pc-Ps Cyierd 3 .

Gouge| \ipa) | (MPa) | (mPay | M | (VPa) = (60} De (mm)
Atgh 75 5 70 0.570| 157.8 | -0.0042 + 0.001Q -0.0044 + 0.0020 0.1471 +0.0225
Atgh 100 30 70 0.582 | 155.1 | -0.0025 + 0.001Q -0.0030 = 0.001 0.1596 + 0.0368
Atgh 130 60 70 0.602| 151.1 | -0.0015 £ 0.0010 -0.0035 + 0.0004 0.1791 + 0.0470
Ctln 75 5 70 0.330| 71.1 | 0.0072 +0.0015| 0.0047 £ 0.0020f 0.0193 + 0.0087
Ctin 100 30 70 0.331| 71.5 | 0.0069 +0.0017| 0.0072 £ 0.0010[ 0.0293 + 0.0225
Ctin 130 60 70 0.328| 68.1 | 0.0072 +0.0015| 0.0069 + 0.0006| 0.0227 + 0.0057
ol 75 5 70 0.694 | 151.0 | 0.0059 = 0.0009| 0.0050 + 0.0009| 0.0323 +0.0374
ol 100 30 70 0.686 | 148.0 | 0.0064 = 0.0005| 0.0057 + 0.0006| 0.0316 + 0.0108
oln 130 60 70 0.650 | 145.9 | 0.0063 + 0.0005| 0.0054 + 0.0005| 0.0369 + 0.0094
Qz» 75 5 70 0.678 | 163.6 | 0.0041 = 0.0005| 0.0025 + 0.0003| 0.0491 + 0.0213
Qz» 100 30 70 0.678 | 161.4 | 0.0042 = 0.0003| 0.0026 + 0.0006| 0.0484 + 0.0160
Qzr 130 60 70 0.685| 159.2 | 0.0043 +0.0006| 0.0032 + 0.0009| 0.05623+ 0.0182
Atgh 40 10 30 0.651| 69.8 | 0.0068 +0.0020 | 0.0070 + 0.0019| 0.0396 + 0.0097
Atgh 60 30 30 0.721| 76.5 | 0.0073 +£0.0018| 0.0056 + 0.0015/ 0.0363 + 0.0074
Atgh 90 60 30 0.640| 64.7 | 0.0033 +0.0181| 0.0055 +0.0045| 0.0321 + 0.0079
Atgh 120 90 30 0.719| 76.4 | 0.0083 +0.0023] 0.0094 + 0.0008] 0.0323 + 0.0103

Controlled Pore Volume Experiments (CPV)

Gouge P (MPa) Pt (MPa) P.-Ps (MPa) u Cyied (MPQ)
Atg* 40 10 30 0.737 63.7
Atg* 60 30 30 0.718 70.0
Atg* 90 60 30 0.629 62.2
Atg* 120 90 30 0.678 66.4
Ctl* 40 10 30 0.445 32.0
Citl* 120 90 30 0.434 28.5
ol* 40 10 30 0.764 70.4
Ool* 90 60 30 0.742 66.2
ol* 120 90 30 0.747 66.8
Qz* 40 10 30 0.721 73.9
Qz* 120 90 30 0.732 73.6

Table 3.2: Summary of experiments. Atg: Antigorite; Ctl: Chrysaotile; Ol: Olivine; Qz: quartz;
("): tests under constant pore pressure (CPP)tests under controlled pore volume (CPV);
("): velocity increasing step§): velocity decreasing stepBhe(a-b) values are the average of
steps test + the standard deviation.
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3.3. Results

3.3.1 Frictional Strength & Friction Coefficieftom CPP Eperiments

Stressstrain curves show that the yield strengths of the sampiéls the same
gouge material deformeadhder the samd>(-Px) are in very good agreement (i.e. 5%
variation, Figure 12), indicating that themechanical strength obeys the effective
pressure law, with effective pressure Bf-P¥). Both serpentine gouges exhibttain
hardening to a peak strength followed by subseggtesih weakeningp a steady state
strength (Figure 3.3a)in contrast, tvine and quartz gougeboth exhibit strain
hardeninguntil a steady state strength is achievEldese results are consistewvith
previous experimental studi€e.g. Escartin et al., 1997; Den Hartog et al., 2014;
Proctor et al., 2014)

The friction coefficient ofa givengouge shows no obvious correlations witire
fluid pressuremagnitude (Figure 3.3aThe two serpentinesxhibit lower friction
coefficiens than those ofolivine and quartz. Chrysotile shows the lowest friction
coefficient of ~0.33, while antigorite shows a rangeom ~0.57 to 0.6Q These
observations are consistent with previgusported strength of serpentirfesy.Moore
et al., 1996, 2004; Proctor et al., 2017he friction coefficients of olivine and quartz
show a rangdrom ~0.65 to 0.69 in agreementwith previous observationge.g.

Dieterich & Conrad, 1984; Takahashi et al., 2011)
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Figure 3.3: a) Friction coefficient of antigorite (green), olivine (blue), quartz (yellow) and
chrysotile (red). The velocity steps where slip velocity is changed are marked in sequence in
the plot of olivine friction. Results shown here are all from consBargxperiments. b)
Frictional responses to changes in slip rate. The shaded area represents friction with slower slip
rate (0.1nm/s). The frictional responses are from experiment conducted at 100PM#tn
constan®; of 30 MPa.
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3.3.2 Velocity Dgpendencé-actor (ab) from CPP Kperiments

The rate and state frictional paramegefor all gouge materials does not vary
measurably for gouges of different compositions (Figure 3.3b). However, the value of
b is measurably higher in antigorite compared to quavtile olivine and chrysotile
show near @alues for parameteb (Figure3.3b). In this study, theelocity dependence
factors(a-b) is much better constraindm experimental datdhan the parametees
andb individually (Verberne et al., 2010)'herefore, only the steady state velocity
dependenceafb) is discussed in further detail (Table 3.2).

Among all gouges studied here, only antigorite shows veloeitgakening
behavior (a-b)<0 in slipresponseat the testing condition§igure 3.3b) Olivine,
guartz and chrysotile gouges all exhibit velogtyengthening behavipi(a-b)>0.
Chrysotile, while having the lowest friction coefficient, shows tihest positive &-b)
among all the materials testerthis is consistent with the result kkfari et al.(2011)
that gouge with friction coefficient of u<0.5, exhibit only stable sliding behavior.

An asymmetric frictional response toleeity increases and decreases is observed
in (a-b) values (see Figure 3.13yhere @-b) calculations from velocity decrease steps
(1 to 0.1¢ m/ Table 3.1) are lower than those from velocity increase steps (0.1 to 1
€ m/ ®&ble 3.1). The asymmetry is more significant in olivine and quartz friction
experimentsRathbun & Marong2013)reported thaDc is larger in velocity decrease
steps than the velocity increase steps, and argued that this wasHearttocalization
and changes in shear fabin fault gouge These differences shear localization and
shear fabrienay also affect theafb), leading to the asymmetry observed in our study.

Due to this asymmetry, mixinga{b) from velocity increases and decreases thus
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exaggerates the scatterifigp better illustrate the change aflf) under differenpore

fluid pressureonditionswe compare results from velocity increase and decrease steps
separatelyThe(a-b) valuesfor all velocity increasstes (0.1to 1 pm/s)arecalculated

and plottedagainst thgore fluid pressureonditiors (Figure3.4). The(a-b) resultsfor

all velocity decreasstefs are given in Figure 3.1Z&he velocity dependence factor of
the gouge materiatsorrelatesvith the pore pressuré&he positive slopes iRigure3.4
shows that theafb) valuesincreasewith increasingpore fluid pressuréor all gouge
materids. This indicates an apparestrengtheningeffect of increasingpore fluid
pressuren fault slip The strengthening effectnsost significant in antigorit@livine,

guartz and chrysotile show less significant efdéaim pore fluid pressuren the(a-

b) compared to antigorite
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Figure 3.4: Effect of pore fluid pressuren the velocity dependence factark) of all tested
gouges a) antigorite; b) olivine; c) quartz; d) chrysotile from velocity increase steps (0.1 to 1
nmm/s). The strengthening rate aflf) from pore fluid pressures calculated based on the slope

of thefitted line in the plot. This strengthening rate is calculated for each step individually.
Results shown here are all from constargxperiments.
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Figure 3.5: Box plot of the effect of strengthening amlf) from pore fluid pressureThe rate
of (a-b) changes correspond to the slope of the fitted line in FRyré®nly @-b) from velocity
increase steps (0.1 tavin/s) are presented in this plot.

3.3.3 Charateristic Displacement from CPBgeriments

The daracteristic displacemeridf) for each step is calculatéor all materials (see
Figure3.69 using experimental data obtained at condgiohP: 100 MPaand P: 30
MPa. The uncertainties in the absoluie values could be considerable due to the
specifc machine configuration. Nevertheless, the relative valud3. dor different
gouges obtained at the same experimental conditions can be conpdoedntigorite
shows an average around 2rim while theDc for olivine, quartz and chrysotile show

an aerageof around 0.6. Dcis the largest in antigorittompared to all other materials.
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We also compareD. for each stepluring tests on antigorite conducted at different
pore pressures ranging from 5 to 60 MPa (Figure 3.6b). Notwithstanding some
scatteringDc is generallyhigherin experiments at pore pressures of 30 or 60 MPa than
those at 5 MPa. This suggests that higiere fluid pressureould cause an increase

in the daracteristic displacement
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Figure 3.6: a) Characteristic displacemeii] of gouge materials in response to slip velocity
change at different steps. All experimentswghdere are conducted at 100 MPaand 30
MPaPs; b) Characteristic displacememi of antigorite in response to slip velocity change at
differentpore fluid pressureonditions.

3.3.4 Pae Volume Fluctuation from CPPxgeriments
Before the start of deformation in each experiment, the pore volume within the
intensifier is adjusted to the same level. Thus, we can assume that the total pore volume
in the sample and the system is similar among all experiments at the beginnioly of ea
test. For the data presentation, pore volume at the beginning of the deformation is
neutralized to 0. Compaction of the pore space is represented by negative pore volume

change and dilation represented by positive pore volume change.

66



1 ! Pore Volu!ne Change's durin Aptigome Friction

¢ 45| e is) .
g .
3 | ]
o 0+ A S i @ 4
o ~ P e Wh %3-:‘
S F -05¢- ; 4
A
_1 1 1 1 1 I 1
-1 0 1 2 3 4 5
1 T T L] T T T
<o
S T 4
S of _ -
@~ o M ] S
S g -05¢ ' .
[a¥iRat
_1 1 1 1 1 1 1
| 0 1 2 3 4 5

1 T T T T T T

0.5} Pc 130 Pf 60 A

e
T

Pore Volume
o
&

(ml)
o
o

-1 0 1 2 3 4 5
Axial Displacement (mm)

'
-t

1 Pore Volume Changes during Quartz Friction
= 051 Pc75 Pf5 |
g .
S of ‘ |
& st .‘711',".‘!,7‘1 0 : _él‘w
S E 05} 4
SRS
_1 1 1 1 1 1
-1 0 1 2 3 4 5
1 T T u T T T
& 05k Pc 100 Pf 30 J
g g
(=}
> 0 S S S S e Ll i - 7
g o~ ..»-/-_\4 .—-,}-:
8E -05F -
[~
_1 1 1 1 ! 1 1
1 0 1 2 3 4 5
1 T T T T T T
2 05 Pc 130 Pf 60 |
g ;
S ot -
U~ g D L oiomy
8E 05} -
(oo
&4 Il I 1 1 ! 1
-1 0 1 2 3 4 5

Axial Displacement (mm)

Figure 3.7: Pore volume fluctuation of antigorite (green) and quartz (yellow) during
deformation. The shaded area marksstiegwhere slip velocity is low (0.fm/s).
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All experiments showed a net pore volume redugimmpaction) during frictional
sliding (Figure 3.7). In addition, we observed transidunttfiatiors in pore volume
likely reflectingthe responses of the sergontrol to sudden changes in pore volume.
Figure 3.7 shows that the pore volume fluctuati@re., from-0.5-0.3 mL) becomes
more frequent at highgpore fluid pressuren antigorite. Comparing quartz with
antigorite, the amplitude of pore volume fluctuatipm., -0.2-0.1 mL) is smaller.
Because théa-b) strengthenindgs more significant in angiorite than inquartzunder
high pore pressures, the possible link between the pore volume fluctuation and the

strengthening were investigated

3.3.5Pore Fluid Pressutductuation from CPV kperiments

To better constrairpore volume changeduring frictioral sliding additional
experiments were conducted whey@ore volumewas fixed by lockinghepore fluid
pressurentensifier. In thiscase, any change of pore volumehe samplevould cause
a change in the pore pressurethe CPV expements, the axial displacement rate for
each frictional steps followed the rate listed in Table 3.1 with slip velocity ranging from
0.1to 5 um/s.

In samples deformed at initial pofleid pressures less than 60 MPa, a clear and
repeatablepore fluid presureincrease was observed after stopping ploee fluid
pressureservacontrol by locking the intensifier (Figure 3.8 order to maintain
consistent experimental conditions as in the CPP testssapped thepore fluid
pressurdluctuation within 5 MPay regaining servaontrol of pore fluid pressure

intensifier. In samples deformed at init@abre fluid pressurehigher than 60 MPa
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however, littlepore fluid pressuréencrease was observed following the lock of the

intensifier.
~ 15 - 0.1 um/s 0.1 um/s 0.1 pm/s 5um/s
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Figure 3.8: Pore fluid pressuréluctuations of antigorite during locked volume experiments.
The shaded area marks the step where slip velocity is low{@d), except the fourth shaded
area which represents a slip velocity af/s. The black arrow heads mark the point where
pore volume is fixed by locking thmore fluid pressurtensifier.
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During frictional sliding, both compaction (e.g., pore collapm®] dilation (e.qg.,

fracturing) take place within the samp(e.g. Morrow & Byerlee, 1989) The

competition between the compaction and dilation components determines the
(global) porevolume change. Our CPV data indicate that higine fluid pressure

suppresses compaction and/or promotes dilation
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and chrysate (red), during locked volume experiments. Contrast can be observed between the
fluid pressurization rate at low and higbre fluid pressurexperiments.

107

during pore fluid pressurencrease in Figure 3.8t differentpore fluid pressuse

following each pore volume lock and the resudt® shown in Figure3.9. The

pressurization rate appears higher samples deformed dow initial pore fluid
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pressursthan thatt highpore fluid pressue This decrease in pressurization rate with
increasingpore fluid pressurés observed in all materials (FiguBe9). The antigorite
shows the largest contrast in ratepressurization between low and higbre fluid
pressure

The rate of pore fluid pressurizatidecreases with increasistip velocity(Figure
3.9). This leadto a decrease in the contrast in pressurization rate between low and high

pore fluid pressurexperimentst slip velocities greater tharuin/s.

3.3.6 Microstructure of Deformed @uge

The microstructure of the gouge materials is shown in Figui@ Both antigorite
and olivine gouges exhibitiRRiedel) shear fractuseat higherpore fluid pressure
experimentsbut notat lowpore fluidpressur@espite the fact that the starting materials
for each experiment are independenpaoife fluid pressureéSamples deformed at high
pore fluid pressureeem to have fewer large grains than those deformed gidoev
fluid pressure despite that theffective pressure is constant at 70 MPa for these
experiments. This demonstrates tHatre ismore extensivegrain size reduction at
higherpore fluid pressurthan at lonpore fluid pressura antigorite and olivind=rom
the microstructure, the zone& eomminution also seems to be much thicker in
experiments with higlpore fluid pressureomparing to the one at lowore fluid
pressureThis indicates a thicker zone of shear at gghe fluid pressureonditions,
l.e. less localizationThe developmentf shear fracture and cracking during grain size

reduction can all contribute to the pore volume dilation during deformation.

71



Flgure 3 10 Mlcro structures of antigorite (Atg) and ollvmé (OI) gouge at dlffeume fluid
pressureonditions. The orange arrow marks the shearing direction.

4. Discussion

3.4.1 Frictional Behavior Change with IncreasPgre Fluid Pressure
The fiction coefficients of the testimaterials are consistent with previaiadies
which report that the serpentines are wealkam olivine and quartgBeeler, 2007,
Dieterich & Comad, 1984; Takahashi et al., 201Dhrysotile is the weakest and
promotes stable sliding at our experimental conditidkari et al., 2011; Diane E.
Moore et al., 1996, 2004)
Calculatiors of the velocity dependence fact@-b) demonstrate thatigherpore

fluid pressure cancause an increase (a-b), therebystabilizing frictional slip. For
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antigorite we observed an increasg@b) of ~5x10° MPa' with increasingore fluid
pressureThis corresponds to ~1% ¢d-b) per MPa increase ipore fluid pressure

The lowest(a-b) observed at the experimental conditions eyed heres about-

4x1083. This suggests that, under the same effective pressure condition, an increase in
thepore fluid pressuref ~80 MPa could lead to a transition of the frictional behavior

of antigorite from velocityweakening to velocibgtrengtheing. This would

correspond to a change in slip behavior from potential unstable to stable slip.

3.4.2 Pore Volumé&hange during Shear
The increase ipore fluid pressuréhat occurs dring experiments where thgore
volumeis fixed (CPV) and the inverse correlation of pressurization with the magnitude
of pore fluid pressureannot be explained by tliependence afater compressibility

onpore fluid pressurelrhe compressibility of watdf ) is described by the equation:

—a

pTw
Tzob_rﬁ

whereVp is the specific volumeR is thepore fluid pressurd is the temperature. From

oD

Fine & Millero (1973) we obtaned the compressibility of water with respecptwe
fluid pressureat room temperatureThe @mpressibility of water decreases with
increasingpore fluid pressurérom 4.41x10* MPat at 10MPato 3.62x10* MPat at
90 MPa. Thisindicatesthat for the same change in pore space, a lapgee fluid
pressurechange should be expected at highere fluid pressureonditions which is
the opposite of our observations

In our antigorite experimeritom CPV, we observed a 5 MRzore fluid pressure
increase over ~0.08nm of axial displacement following a lock on the pore volume

during the deformationyhich correspondto apore fluid pressurization rate of ~74
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MPa/mm.This 5 MPa increase ipore fluid pressurés equivalento a pore volume
reduction of ©.03 mL, assuming a total pore volume (sample + intensifier) ahlL4
For a cylingical sample o25.4mmin diameter an80.8 mmin height, this correspond
to a sample volume reduction 09.32%. Assuming that all pore structure change is
due to gouge dermation. This would correspond to a gouwgdume reduction of
~3.2%, assuming a gouge porosity df5% after shearingRaleigh & Marone, 1986)
Considering the changa water compressibilitythe same sample volume reduction
would cause 5.9 MPa pressure increase aviPa pore fluid pressureHowever, the
observation shows almost no pressure increase at 90 MPasHduss that the
compressibility is not able to explaihe change impore fluid pressurén our study.
The compaction from deformation is most likely compensdtedoy the greater
amount of pore volume dilation at highgore fluid pressuréNe cap thepore fluid
pressurechangeat ~5 MPa before regaining control of thgore fluid pressure
intensifier using the serv@.he increase ipore fluid pressurahile pore volume is
locked shows no trend of slawg down and would continue to increasevié hadnot
interfered.

Based on theobservations we proposethat gouge deformationgganular flow
following a change in the slip velocity is @ompetition between porgolume
compaction and dilatiorfe.g., Morrow and Byerlee, 1989)f the deformation is
dominated by compaction, then the eéfect will be an increase on tipore fluid
pressureand likewise a ecrease ipore fluid pressurendicates that the deformation
is dominated by dilation. The decrease in pressurization rate with increasenfjuid

pressuredemonstrate that the dermation changes from compactidominated at
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low Pr to dilationrdominated processat highPr. These data suggest that compaction

is suppressed and dilation is enhanced at higbrer fluid pressureonditions. In actual
deformation, the compaction castnproceed to infinite. We can then expect the
compaction to become plateaued after steady state friction is achieved following a
change in slip velocity. However, because the compaction and dilation take place
during the evolution of frictiorfollowing a change in slip velocity, we expect the
competition to affect the resulted steady state friction and the evolution of friction

parameterga-b).

3.4.3Pore Fluid Pressufeependence of (h)

We propose that thegore fluid pressurdependence offb) of antigorite friction
may be explained bya dilatant hardening mechanisthat occurs on a local scale
despite the net volume changes are compactsassillustration in Figurd.11). When
dilation takes place locallyluring deformaton, the transienteffective stress could
approach the normal stress, which causesngthening on the frictional behavior of
gougematerials(Marone, 1998)By keeping Pc-Pr) constant, the local normal stress
is higher in samples undkighpore fluid pressureonditions. In other words, agher
pore fluid pressuré levelwould lead to a larger effect frodilatant hardeningn the
strengthening fofrictional behaviorof materials

This local dilation and transieeffective pressure model can explain the different
degrees of velocity strengthening behaviors observed in different gougesr L
permeabilitygouges wuld be more likely tohinder draining of transient chargia
fluid saturated layerand could causestronger6r el at i ve eftgougengt heni

deformation The fact thatthe pore fluid pressurelependence ofafb) is higher in
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phyllosilicate gougess consistent with experimental observations that show low
permeability ofphyllosilicate gouge¢Faulkner & Rutter, 1998; S. Zhang et al., 1999,
2001) which would promote undrained behavior. This is a@ensistent with other
studies that showguartzrich gouges an maintain a high permeability therefore

limiting pore fluid pressurbuild up(lkari et al., 2009; Samuelson et al., 2Q09)

| S

Nee

O

Figure 3.11: Dilatant hardening mechanism illustration. During tleéormation, the far field
normal stresssy is not perturbed. Development of cracks could cause local reductfmreof
fluid pressure|lyand lead to an increase in the local effective stgsswhich causes
strengthening of the deformation.

The pare volumedata from CPRcorroborate the observed pore fluid pressure
dependence okfb). The CPP testdemonstrate thdéss total compaction, which we
infer reflectsmore local dilation, occursat higherpore fluid pressuse Greater local
dilation corresponds to strongdardeningeffectsand is consistent with the larger
increase on &b) of the gouge materials during deformatiah high pore fluid

pressures
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The effect of slip velocity ofluid pressurizatiomn the CPV testsan be exglined
by the effect of slip velocity on dilation. As slip velocity increases, the amount of
dilation increases and compensates the compaction, leading to a decrease in the
pressurization rate of pore fluidhis effect of slip velocity on dilation has albeen
shown by previous studide.g. Morrow & Byerlee, 1989) This stands true for all
tested gouge although the largest effect is skeeimg deformation oéntigorite.lt is
noted that ahigh slip rates, it is harder to ensure the pore fluid drains effectively. Under
undrained conditions, theore fluid pressurdata do not reflect the actuabre fluid
pressurehanges within the gougdowever, at low slip rates, the gouge is considere
as drained and theore fluid pressureneasurement would more accurately track the
pressure within the goug®@/e calculated the diffusion time which describes the time
for the fluid in the gouge to equilibrate after perturbations using the followingiequa
"& -

¢Q

where h is the diffusion length,is the compressibility of the goudejs the viscosity

0 o8

of the fluid andk is the permeability of the gouge. We adopt the compresgildiue

of 1019 Pat and fluid viscosity of 0.001 Pabase ofraulkner et a2018) We assume

a gouge permeability of F9m?(Coble et al., 2014; Ikari et al., 2009)he calculated
diffusion time is ~1.25 s. The gouge compaction takes place at grain contact scale of
~1em. When slip rate is at &m/s, the time scale for compaction is ~0.2 s. In this case,
the gouge can be considered as undrained. While at slip ratenofslor lower, the
compaction takes place at a time scale of 1~10s. Therefore, the gouge is draiped at sl

rate of 0.1 to Em/s.
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Because theatb) measurement discussed here are all taken from CPP experiment,
where steps test are conducted with slip rate between 0.1 to 1 um/s3-lthe (
dependence goore fluid pressurfom this experiment is not affected by the undrained
conditions. According to the observations from CPV experimewmtsange in the
pressurization rate is most significant in antigorite with incregsorg fluid pressure
conditions. This indicates a lamgamount of change in dilation, thereby larger increase
in strengthening from dilatant hardening is expected in antigorite which leads to the
more significant increase ia4). Apart from thepore fluid pressurdata, the presence
of R1 shear fracturesrém microstructure analysis in the gouge at highere fluid
pressureonditions could also be the evidence for higher amount of dilatiddarger
effect from dilatant hardenindg he larger amount of grain size reduction could also
contribute to the diltionthrough the associated crackimgnd eventually strengthening
on(a-b) of the materials.

The dfect of dilatant hardening on the deformation has been obserygdvious
studies Ikari et al. (2009)suggested that a lopore fluid pressureould redice the
potentialfor velocity strengtheningecause compaction in formsawfnsolidation and
cementationis favoredat low pore fluid pressureHowever, this is discussed in a
context of high effective pressure due to the pawe fluid pressureOur obsevations
suggest that dilation may also be affected by the absphrte fluid pressuréevel
where dilation increases as there fluid pressuréevel becomes elevateBrench &
Zhu (017) have found that highpore fluid pressurémpedes the rate of fault
propagation in intact serpentiniteads to strengthening of the material ambre stable

failure. The results from this study demonstrated that dilatant hardeourd have a
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significant effect on théiction deformation of gouge materiasd lead t@an apparent

strengtheningn the friction parametessith increasingpore fluid pressure

3.4.4 Characteristic Displacemeij

The characteristic displacementawitigorite appears to be ~5 times higher than any
other gouge materialm the critical stiffness friction stability criteriotargerDc would
lead to a lower critical stiffness of the antigorite gouge. This suggests that the slip of
antigorite is moreikely to favors slowslip than all other materiatgtudied here under
room temperature conditions

For antigorite friction, highepore fluid pressuralso leads to an increase in the
characteristic displacement (Figure 3.6his observation is consiste with the
discovery ofFrench & Zhu (2017)who suggested that the dilatancy hardening causes
anincrease in the slip weakening distandacrease irDc would reduce theritical
stiffnessand, therefore, favor stable slidifighe parametedc has beerorrelatel with
the thicknessf the zone of localized shear strgiarone & Kilgore, 1993)The
thicker zone of comminution from the microstructure of hpgre fluid pressure
experiments also seems to support a more distributed zone of deformation (Figure
3.10). The distributed deformation would favor a more stable slip comparing to
localized déormation. This is also consistent with our observation on the increase of

(a-b) due to highepore fluid pressure

3.4.5Slow Slip in Serpentine
The observed dependence foiction parameter®n pore fluid pressursuggests

that in addition to the inherg material propertiesdilatant hardeningn gouge
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materialscould potentially lead telow slip(Segall et al., 2010from the observatien
of this study, the largest effect of dilatant hardening is skeimg deformation of
antigorite. It is reasonable to infer that frictiah deformationcharacteristicsof
antgorite are the moslikely to produce slow slipf the gouges that we testedle
proposethat slipthat occursn regions with large presence of the antigooteyouge
with similar frictional propertiesnd highpore fluid pressurevould likely favor slow
slip.

The strengthening effect difie dilatant hardening mechanisras been discussed
in sewral studies. However, our study showed that it is necessary to consider the
absolute level opore fluid pressurespecially whempore flud pressuras high. The
enhanced ratstrengtheningof friction could come from both effective pressure
reduction angore fluid pressurencreaseFor antigorite gouges, the higtore fluid
pressureould cause a transition in the frictional behavionfronstable to stable slip.

This observation is especially important in regions such as subduction zones, transform
faults, and midocean ridges where large amauot fluid arebrought to the fault slip
planeto induce extensive serpentinization.

Although our experiments are all conducted at room temperature, the findings of
this study also seem to be valid at high temperature condifiakahashi et a{2011)
observed sticlslip behavior in serpentine at ~500°C. InterestingDkazaki &
Katayama(2015) found slav slip in serpentine at above 500°C, and argued that
dehydration in serpentine was responsible for the observed slow slip. It is plausible,
that the slow slip is linked to the elevateore fluid pressurproduced by serpentine

dehydration at higher temgure. This implies that our observation that hpghe fluid
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pressurgromotes slow slip could also apply to high temperature condiffeaach &

Zhu (2017) found that high poreldid pressure has a stabilizing effect on fault
propagation at 23 and 150°C. These findings suggest that the strengthening effect of
pore fluid pressure observed in this study may be applicable to high temperature

conditions as well.

3.5. Conclusions

Based on the observations in this study, we have found that:

- Serpentine minerals (both antigorite and chrysotile) show lower friction
coefficient compared to the olivine and quartz.

- Chrysotile, olivine and quartz are velocity strengthening giittilar magnitude
of (ab) while antigorite is velocity weakening with negativebjja However,
stick-slip events are not observed in this study.

- High pore fluid pressure leads to an increase -n)(af gouge materials with
the largest effect seen in @yurite.

- At the same effective pressure, the net pore volume reduction during shear
diminishes at high pore fluid pressures, indicating less compaction and/or more
dilation at these conditions.

- The dilatant hardening mechanism seems to be a possiblenaiphaof the
effect of highpore fluid pressuren increasing the magnitude of the values of
(&b).

- Under the same effective pressure conditions, incregsing fluid pressure

would likely lead to a transition in friction from velocityeakening to velaty

81



strengthening, which favors transitional slip behaviors such as slow slips and
tremors.
The experimental results of this study demonstrate thatgaghfluid pressurean
promote thancrease of velocity dependeneel) of gouge materials andinchange
the frictionalbehaviorfrom velocityweakening to velocitgtrengthening. Thisould
potentially result in a transition fromesmic slip to aseismic credault behavior It
helps in explaininghe resting of sticlslip earthquakes in regions wittet presence of
high pore fluid pressure. This study shed light on the importance of taking into the
account high fluid pressure when discussing fault slip. It is also likely that other types
of mineras will also exhibit modifications of fault behavior withe presence of high
fluid pressure.This remain to be tested through further extensive study on other

materials.
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ChaptParesds:ure Dials to Tune SI

and Fast

Abstract

We conducteddeformation experiments to invesiig how slip events along
gougebearing faultchangdgrom slow to fast and back as pressure conditions change.
A layer of finegrainedguartzgouge was placed between the sawsurfacesf porous
sandstone samples that were sulg@td conventional traxial loadng. By changing
the confinement and/qoore fluid pressureour deformation experiments produced
different slip events, from dynamic, audible st&llp to slow, silent slip. Our data show
that under the sanmore fluid pressureincreasing effective pressure produces larger
dynamic stickslip ewvents. However, there exists a threksl (~100 MPa for the fire
grained quartz gouge used in this study) beyond whichsliglevents are prohibited
and creep takes place. In contrast, under the same effective confinement, increasing
pore fluid pressureauses a transition from stiskp to slowslip in the same fault.
Based on the experimental results, we propose a synoptic view of the slip instability as

a function of depth and pore fluid pressure along subduction interfaces.

4.1 Introduction

Earthqu&es are one of the most commonly occurring natural hazaedd(1911)
proposedhe elastic rebound theory which statleat anearthquake cycleonsists of
two distinct phases, aimterseismic strain accumulatigpghase when a portion of a
tectonic fault is lockedanda coseismic releasghase when a sudden strain release

takes place by rupturing the locked portairihe fault In this model, the deficit of slip
86
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accumulated during the interseismic phase shoultblenced by the seismic slip and
aseismic creep.

Recent geophysical observations have redalnew ype of slip behavior, the
slow slip Slow slip events (SSESs) proceatirates much slower than earthquakes (e.g.,
~m/s) but faster than plate motiongg(emm to cm per year). SSEs can fasin a few
seconds to years aggnerallyonly low frequencyelasticwaves are radiate@bara,
2002; Peng & Gomberg, 2010)SSEs are observed in many tectonic settifrgsn
subduction zones to transform faulsidet & Schaeffer, 2018; Hirose & Obara, 2010;
Lowry, 2006; Vergnolle et al., 20105tudies have been conducteearching for
connections between the mechanisnslofv slipand dynamic slip(lkari et al., 213;
Peng & Gomberg, 2010; Wech & Creager, 20The results show that the slip modes
span a continuum between slow earthquakes and the dynamic fault slip. They suggest
that the SSEs could be an important part of the seismic cycteamaenthetransition
between the viscously creep and the dynamic, seismogeni{Pgliy & Gomberg,
2010) However, the governing mechanism of SSEs remains enigmatic.

In regiors whereSSEs are aomonly observed, seismic studies have revealed the
presence of highy/vs ratio which is interpreted as evidence for Aihiostatic pore
fluid pressurde.g.Audet & Schaeffer, 2018; Kodaira et al., 2004; Shelly.e£Q06)
Many studies have related the presence of high porepitessurdo the occurrence of
SSEs and suggest thatepence of higlpore fluid pressureould modify the slip
behavior and lead to transitions from dynamic slip to slow §hpsiet et al., 2009; Ito

& Obara, 2006; Kitajima & Saffer, 2012; Scholz, 2002)
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Brace & Byerlee(1966) postulated that stk-slip on preexisting faults is the
source of earthquakes above the seismogenic depths-sfiticdan bedescribed as a
selfsustaining oscillatory motion occurs at the transition between stable and unstable
frictions (Scholz, 1998; Scholz et al., 197Byerlee and Bracé1968) found that
confining pressure exergsprimary controbver motion on a nominally dry laboratory
fault. For a given fault (i.e., same rock type and surface roughness), motitakean
the form ofstable sliding at low confining pressures and sl at intermediate and
high pressures. They observed tha #mplitudes of stress drop of stick slip events
increase with confinement.

When pore fluids are present, the frictional instability of a fault is governdaeby
effectivepressuréPe.= confining pressurBc - pore fluid pressur®) (Terzaghi, 1943)
For example, recen¢éxperimentalstudieshave shown that variations ireffective
pressure could lead to transitions from dynastick-slip to slowslip and tremors
(Leeman et al., 20165tudies on fluid injection have demonstrated the effepoo#
fluid pressureon stabilizing fault slip (Cappa et al., 20197 o date the effecs of pore
fluid pressure are mostly studigdthe context of changing effective pressure. Whether
and low pore fluid pressure alorfee., under a constant effective pressuas) affect
deformationand frictional instabilityis not wel understood

Frenchand Zhu(2017) studiedthe fault localization and propagation in intact
serpentinites under various pore fluid conditions. Their results demodstratet the
same effective pressure, highmore fluid pressureeduces the fault propagation rate
and causes a transition otifang style from dynamic to quastable.This stabilizing

effect of highpore fluid pressuréhas been explained by the dilatant hardening
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mechanism where the growth of cracks during brittle deformation leads to an increase
in pore space, causing tpherefluid pressurego drop and the local effective stress to
rise, making it harder for cracks to grovsimilar effect fromdilatant hardenindpas

also been shown in gouge materials which cause the increasedepatadent friction
parameterga-b) andDc, leading tostabilization of fault sligfChapter 3)Segallet al.
(2010)suggestdthatchanges in the draining condition of the material during slip could
cause the rise of SSEss Alip accelerates, deformation becomes effectively undrained

In this casedilatancyinduced pore fluid pressureeductionamayquench the dynamic

slip and cause the stabilization of fault slip.

Based on the existing experimental data, we hypothesize that when the pressure
conditions are right, transitions between sttip and slowslip canbe achieved in any
seismogenic fault. To test this hypothesie conduct experiments to investigate how
increasing effective pressure enhances gk how increasingore fluid pressure
impedes sticlslip, and how the right combination of the pregssoonditions could
change slip behavior frofast to slow and in between. The stress drop, slipekstic
energy releaseand moment magnitudeequency characteristics of the observed slip
events are analyzed. Our data provide new mechanical insigtiteslow slip events

that are commonly observed in subduction zones and other tectonic settings

4.2 Sample Configuration and Experimental Procedures

Thelaboratory fault is 80° sawcut in a porous sandstoriEhe sawcut surface is
ground witha 120grit diamond wheel to ensure a consistent surfaoperty Prior to
the sawcut, the cylindrical sandstonsampleis 25.4 mm in diameter and 50.8 mm in

height Thesawcutwas filled withfine-grained quartpowdes from U.S. SilicaThe
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mean grain sizef the quartz gougeas 3.4 um.We added 3! drops of water tehe
dry quartz powder before spread the dammouge evenlyalong thesawcutsurface.
The ame amounbf quartz powdefwith a dry weight 00.5 g was usedto ensurea
consistengouge thickness of ~0.18 mimeach tesfThe porous sandstone was chosen
as shearing block because df liigh porosity (~20%) and permeability (=F0?)
which allows an easy access of pore fluid to the fault surfabessamplevas jacketed

using 2 layers of polyolefin tubes and joined with alumina spacers and stezdgnd

(Figure4.1).
Pore Pressure
[ End-cap
===
Tie-wires
Pressure ™ Alumina Spacer Alumina Spacer
Vessel =
\ |~ Copper Jacket
Sandstone
|~ Quartz Gouge (Saw-cut)
|~ Sandstone -
(Saw-cut) Quartz Gouge
Conﬁning |~ Polyolefin Jacket
Pressure O-rings i
End-cap
3 —| O-ring
End-cap
Force
Gauge
4 Axial Load

Figure 4.1: Experimentalsetup. nventional traxial compression tes{s 1>, =, 3) were
conducted on porous rocks with a°3awcut filled with fine-grained quartz gouge. Slip
behaviors along the sagut surfaces combinations of confinemer®s< ,, >=, 3) andpore

fluid pressure(Pr) were recorded and analysed. The dashed red rectangle marks where the thin
section of the deformed sample was taken.
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Conventional traxial compression tests were conductedhere maximum
principal stresseg, 1) is greater thaimtermediateprincipal stresg,, 2) and minimum
principle stres$, 3). The, 2 and, 3 are controlledy the confinement pressure i,e.=
» 3 = Pc. An external force gauge was mounted at the piston outside the vessel from
which the axial load, 1) wasmeasured, from which the differential stréss , 1 - ,, 3)
was determinedlhe xial displacementd) on the samplgvas obtained using a linear
variable differential transformgt.VDT) affixed to the axial pisto (Figure 4.1). The

sheadisplacementd) was deduced using equation (4.1):

Vo
CT’Q @

Two series of experiments were conducted to investigate the respective @ffect
confining andpore fluid pressuren slip instadities. We either keep the porftuid
pressuréPr) constant at 5 MPa and vary the effective presgf®m 30 to 100 MPa,
to examine the effective of normal stress on deformation (referred é&dfextive
pressure series experiments, EPS), or keepftbetige pressurat 70 MPa and vary
the pore fluid pressurdrom 5 to 120MPa to examine the effective gfore fluid
pressuren deformatior(referred to apore fluid pressurseries experiments, PPS).

In each experiment, theaw-cut sample is loaded ugy an axial displacement rate
of 0.5 um/sto the yieldstresslyieid (Table 4.1) beyond whichlip alongthe sawcut
occurs We then changed theiakdisplacement rate to 1 pmifSor each experiment, a
total shear displacement of ~6 mnahievedand theslip eventsvere recordedThe

correction that accounts for thidferential stress change as the overlapping frictional
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area reduces during aguaulative slip is shown in pperdix B. The shear stress on the

gouge material is calculated basedtbe differential stress (seg@pendixB).

Sample Pc P Pe=Pc - Ps Uyield
EPS 305 35 5 30 83.9
EPS 665 65 5 60 149.4
EPS 705* 75 5 70 154.7
EPS 865 85 5 80 175.6
EPS 1065 105 5 100 203.6
PPS 7630 100 30 70 156.2
PPS 7660 130 60 70 158.8
PPS 7690 160 90 70 153.7
PPS 70120 190 120 70 155.0

Table 41: Pressure conditions and yield stress for each experiment. (*This test fits in both
EPSand PPS series. EPS-3®&an also be called PPS-3D

4.3 Results

4.3.1Pressure Dependence of Slip Events

In our experimentstressstrain curve show that the yield strengthied of the
samplescorrelats well with the effective pressure (see Figure 3%.1The vyield
strengths osamplesdeformed under the sanedfective pressureput differentpore
fluid pressurs arein very good agreemerft.e. <3% variation, seelable 1). This
indicatesthat the mechanal strengthof samples in this studgbeys the effective
pressure law

BeyondUyielq, initial sliding on the fault is stablésee Figuret.2). Stickslip events
started to emerge after ~1 mm shear displaceafanslip startsThese are represented
by the periodic stress accumulations and releasesh@amng continues. Given the
initial gouge layer thicknessf ~0.18 mm this corresponds to a shear strain of >5 at

the start of the sticklips.
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In our experiments, we have documented a spectrum of slip behaviors in associated
with increasing effective pressure (Figut8) andpore fluid pressurg¢Figure 4.4).
Based on the amplitudes of stress perturbation, thegdints can be grouped itdoge
amplitude eventand small amplitude events.

At a low pore fluid pressuref 5 MPa, the EPS experiments show that amplitudes
of stickslip events correlated with effective pressure (Figure ABJow effective
pressureof 30 MPa, the slip eventseaall smallamplitude eventsThe frequency of
reoccurrence between similamplitudeslip events is relatively constant. As effective
pressure increasethe slip events become irregular with variemsplitudes of stress
perturbations. BRndom largeamplitude eventsare observedo occur between small
amplitudeevents. Aaneffective pressure of 30 MPa, the slip events are quiet from the
beginning and gradually become sesmdible as deformation continues. At 60 to 70
MPa effective pressurghe slip evets are semiaudible to audible. As effective
pressure in@ases to 80 MPa, the stiskp events change to quiet and seaudible
again for all smaltlip eventswhile the largeamplitude eventare loud. At 100 MPa,
no slip occurred on the sasut surfae, andthe experiment ended up with theeep
deformation irthe shearing blocks.

At an effective pressure of MPa, the PPS experiments show that incregsang
fluid pressuré@mpedes large amplitude events (Figure 4.4)loat pore fluid pressure
(5 to 30 MPa) the slip events are irregular with various magnitsid& stress

perturbations anchndom frequency of reoccurrence between siraitgplitudeevents.
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As pore fluid pressurencreases, the stress drop evolves into relatively homogeneous,
small amplitude events.The frequency of reoccurrence between simalanplitudes
becomes constant. Abre fluid pressuref 5 MPa, the slip events are audible from the
beginning. With increasingore fluid pressurérom 30 to 90 MPa, the slip everds
through a transition from highly audible to less audiblsilent. At highpore fluid

pressuref 120 MPa, all slip events are seaudible tosilent

4.3.2Stress Drop and Stress Drop Durations

In each experiment, the shear stress dbof) and stressirop duration Yo) are
measured for every observed st&llp event and are summarized in Figdre.

The EPS expa@nents show a trend of decr@asy stress drop durations with
increasingeffective pressureéit low effective pressure, stress drops are with long
durations (Figurd .5a). Increases affective pressurleadto an increase in the amount
of largestress dropwith short durations. Indicating that the stress drops are becoming
more abrupt as effective pressure increases. The observailgmsstzow that
distributions of stress drop eventwiden as effective pressure increasesarge
amplitude events with stress drops ranging from 25 to 55 M&a to emerge as
effective pressure increas@e largest stress drop observed is positivelyetaied
with the effective pressure at constpote fluid pressureonditions.

The PPS experiments showtr@nd where stress drop duratiomcreaseswith
increasingpore fluid pressuréFigure 4.5b) At low pore fluid pressurestress drops
are large withshort durations. They evolve into smathplitudeevents with longer
durations agpore fluid pressuréncreasesAt low pore fluid pressurés to 30 MPa),

the stickslip events distributioexpands in a wider range terms of shear stress drop.
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Observations showa cluster of slip eventsith stress dropsanges from 20 to 40 MPa.
At highpore fluid pressureonditions the stress drops are relatively homogeneous and
are all centered around 10~15 MPa. Tegnitude of théargest stress drop obsed

IS negatively correlated with theore fluid pressuret constant effective pressure

conditions.
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Figure 4.5: Magnitude vs. duration of shear stress drop for individual slip events a) under
various confinements and a ctarst pore fluid pressuref 5MPa; b) under variousore fluid
pressure and a constant effective confinement of 70MPa. The bars repifese 2, standard
deviationrangeof the distribution of stress drop (vertical) and stress drop dur@ioizontal).

From the PPS experiments, period doubling is observeoratfluid pressuref 60
to 90 MPa. Duringeriod doubling, small and large stress drops alternate, with larger
events being seraudible and smaller events being quigcholz et al., 1972)The
occurrence of period doubling has been interpreted to represent a transition towards
stabilization in sligfWong et al., 1992)

Measurement of the stress drop duration show that the large amplitude events are

associated with abrupt large stress drops, while smaller amplitude events are slow and

smadler stress drop events. This indicates that the small amplitude events may represent
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the laboratory slovslips while the large amplitude events could bentlaaifestatiorof

dynamic slips.

4.3.3Slip Distance ané&lasticEnergy

Measurements of stress groand the amount of slYi see Equation 4.1juring
stick-slip events can help us calculate tlastic strain energyrelease(G) which
describes théotal amount of energyeleasediuring the stress draofsee Figure 4.6)
The elastic energy releage a sum ofthe fracture energyGc) which describes the
energy required for ruptund the radiated energ€:). We cannot decide the portion
of fracture energy release during the slip event. Instead, theetmedyreleaseis

calculatedTheelasticenergyreleasecan be calculated using equation:
o Pos o
O =Yt Vi T8
C
wherek T is the shear stress grauring the slip events ahd is the slip distance. The
slip velocity U during each sligs defined as

Yi

5 T8
In this study, the shear displacement is calculated frodo#upoint displacement

(d). During slip events, stress drop can lead to an axial relaxation of the system which

is partly accommodated by the sample slip on the fault surface. Because we cannot

decide the proportionality of the axial relaxation accommodated by the samptlkeslip,

slip distanceve discussed herg an apparent slip distance during dynamic slip events

calculated based on the lepdint displacement corrected with the elastic rafem of

the system during stress drops.
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Figure 4.6: Elastic strain energseleasecalaulation during individual slip events.

Elastic energycalculation foreach individual sticislip eventis summarized in
Figure4.7. Analysis @ the elasticenergy show that, at low effective pressure, the
elasticenergyreleasefor each stickslip event fals in a narrow range of distribution.
The slip velocity also show less variation. With increasing effective pressure, the
elastic energy releasggnificantly increases with a broader range of distribution. The
slip also becomes faster during stress dropseldstic energy releasmdslip velocity
are also affected the porefluid pressure. At lowepore fluid pressureonditions, the
elastic energy releasaries and tend to have a larger range.dllipevelocity also tends
to be higher when thelastic energy releass high. When thegore fluid pressurés

high, theelastic energy releasggnificantly decreases. The events become smaller with

slowerslip velocity.
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broadens the range efastic energy releasndslip velocity, whereas increasimpre fluid
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4.3.4Moment Magnitude
To better characterize the stiskp behavior, estimati@of earthquake magnitude
are made using calculations of seismic mon{&ki, 1966) and moment magnitude
(Hanks & Kanamori, 1979)The seismic momeniVp) can be calculated using the
followed equation:

0 A Vi 18
where> is the shear moduli of the materiéljs the area of fault that ruptures during
the earthquakeandYi is the slip disance on fault. In this studyhe shear moduli of
guartz has been used for the calculation of seismic mdiPabst & Gregorova, 201.3)
The aea of rupture is estimated using the saw surface which is an ellipse with a

major radius o£5.4 mmand minor radius af2.7 mm The df-set of overlapping area
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due to accumulate shear has been estimated to leme1% of variationn the results
of the magnitude estimation. This is considered to lamMasignificant effect on our
analysis and is therefore ignored in our calculatibime slip distance is the shear
displacement during stress dragculated from the axial displacement. Corrections
on the elastic relaxation are made to correct for the true slip distanng digss drops
(see AppendiB).

The moment magnitude can then be calculated based on the seismic moment:

0 %i DG @8t 8

The distribution of theestimated magnitudesf all observed eventre plotted in
Figure4 8. In this experiment, the largest theoretically possible slip is 25.4 mm which
yields a moment ngmitude of-2.13. Theestimated magnituddsr all observed slip
events are well below this thresholthe b-valueterm has been used to describe the
GutenbergRitcher frequencynagnitude relations for earthquaké&utenberg &
Richter, 1956) The b-valueis defined by equation:

1€ | 10 &
whereN is the number of earthquakes with magnitude larger than a certain magnitude,
0 is the total number of events observadd ,f are constants.

Calculation of the Gutenbeiitcherb-valueshows dependence on both effective
pressure angore fluid pressurgFigure 49). Calculation ofb-value from EPS
experiments also shatlat theb-value increases from ~1.5 t6.7 as effective pressure
(Pe) deaeases, indicating that the decrease in effective pressure stabilizes Hsdifstick
eventsand favos smaller magnitude event$n the PPS experiment, aore fluid

pressurgP¥) increases, the-valueincreases from B.to 11.2. Theb-value &olution
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shawsthat the slip events observed at higine fluid pressureonditions are domiried
by smaller magnitude events. Previous studies relaged the high-valuewith SSEs
(Ito et al., 2009; Nakamura & Sunagawa, 20XZRlculation of thé-valuefrom this
study indicates that the events from IBwexperimentsn EPSand highPr experimers
in PPSare the manifestation of laboratory SSEShe changes ob-values are also
consistent with our interpretation that tleev Pe and high Pt could stabilze fault

movement and lead to sleslips.
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Figure 4.8: Histogram of moment magnitude distribution for individual slip events a) under
various confinements and a constpote fluid pressuref 5 MPa; b) under variougore fluid
pressure and a constant effective confinement ofMPa. In general, increasingfeftive
confinement or decreasipgre fluid pressurkeads to avider moment magnitude distribution.
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the slope of the fitted lines as a function of c¢) effective confinemepiré)fluid pressure

4.3.5Effect of Slip Velocity orSlip Events

The stickslip events also showdependence on the slip velocity. &porefluid

pressure of 5 MPa, the stiskp events are not observed at axial displacement

velocitieslower than 0.5um/s. At 30 MPgore fluid pessurethe stickslip events are

not observed at axial displacemerlocities lower than 0.1 um/s. Apore fluid

pressureabove 60 MPa, stieklip events are observed at all tested displacement



velocities. A similar effect of loading conditions on theick-slip behaviorwas
observedn other studie§Mclaskey & Yamashita, 2017Qpurresults may suggest that
the velocity rangdor which stick-slip events occur can be affected by the pressure
conditions However,asystematic study using a wider range of slip velasitgquired

to better reveal the correlation between séjocity and the occurrence of stietip.

4.4 Discussion

4.4.1Pressure Dependence of Stillp Events

The results from auaboratory experimentdemonstratéhatvariatiors inpressure
conditions, including effective pressure gafe fluid pressurecould cause a spectrum
of slip behaviors from more unstable seisslip toslow-slip.

Increasing effective pressure results in a destabilization of fault slip. FrdaP e
experiments,tiis observed that the stress drops are smaller with regular reoccurrence
at low effective pressureAt high effective pressurdarge dynamic events with
irregular reurrence are observefAnalysis on the Gutenbefigitcher b-value shows
that the dynamic slipepresentghe seismogenic slip while the smaller eveats
characterized as sleslip. A similar effect of destabilization witincreasing effective
pressure is also observed in other experimental and numerical Seididseeman et
al., 2016; Reinen et al., 1991, Segall et al., 2010)

A trend of stabilizing fault slip is observed with increagioge fluid pressurd-rom
the PPS experiment, the stress drops are observed to beatatggynamicwith
irregular reoccurrence at lowore fluid pressureand small regular stress drops

occurring at highpore fluid pressure
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A study of Wech and Creager (201has shown thatith increasing depthslip
behavior exhibitatransitionfrom large, less frequent to small, frequent slip activities.
This is consistent with our experimental observatioms the slip behavior changes
from abruptand irregular to slow andegular stress drops as pressure condition
changes.

The pressure dependence of slip events is summarized incaptoal model
(Figure 410). Slow-slip is favored by low effective pressumehigh pore fluid pressure.
As effective pressure increasstickslip becomemore unstable and dynamic. Wdh
further increase in effective pressustick-slip becomes prohibited and stabilizes

again.
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Figure 4.10: Magritude of sheartsess drop during slip event®ntrolled by both effective
confinement angore fluid pressure
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4.4.2Elastic Energyand Energy Release Rate

Calculation of theelastic energy releaskiring stickslip events shows that at low
porefluid pressure, the energy release during ssigk eventds fast with large energy
release. At highgore fluid pressurdoth the magnitude of stredsops and the energy
release rate decrease signifitg. The stress drop durations are also significantly
increased with decreasing effective pressure.

The audibility of stress drops can also denanifestation ofthe energy release.
Large stress droageassociated with largelastic energy released,therefore, louder
sound effectThis is consistent with our observations that the low effective pressure
experiments and higtore fluid pressurexperiments are calculated to have kastic
energy releasand tend to produce quiet to seaudible SSEsObservatios on the
audibility of stickslip evensare consistent with previous stud{eeeman et al., 2016)
where audible events aassociated with high slip velocity and large stress drops.

The audible events with large strei®ps representdynamic instability. Thegan
be interpreted athe laboratory observations of fast earthqualBrace & Byerlee,
1966) This demonstrated that decreasing effective pressure and incrgase fiuid
pressurare bothstabilizing the fault slip, causing smalifault slip and slower energy

release.

4.4.3 Slip Velocity during I Events
The slip velociy during slip eventsangesrom 10° to 102 m/s (Figure 4.1). The
peakslip velocity of fast events may be higher due to a limitation of the instruments in
this study. In general, the slip velocity measurements from this experiment are

consistent with othereported laboratorgtudies(Passelegue et al., 2016; Tinti et al.,
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2016) The velocity range from this study shows a transition between seismic events

and SSEs.
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The small amplitude events olpged in this study show velocitieghat are
consistent with slowvslips (Peng & Gomberg, 2010)hile the fast, large amplitude
events are manifestation of dynamic, seismic events.

The slip velocities also show pressure depewe as decreasing effective pressure
and increasingore fluid pressuréend to reduce the dynamic events and favor small
amplitude events. This implies that low effective pressure anddoighfluid pressure

would favor the occurrence of SSEs.

4.44 Spectrum of Fault Slip Behavior
Ruina (1983)has describedhangein fault slip behaviomas a result of the change
in the critical stiffnesskt) of the material comparing to the stiffness of the surroundings
(K) using the following equeon:

- O ,
Q9 — X

where both(a-b) and D¢ are frictional parameter®ieterich, 1979; Gu et al., 1984;
Marone, 1998; Ruina, 1983and, is the effective normal stress applied on the
surface.Whenk: > k, the stress drops tend to be irregular, while the stress drops are
regular wherk: becomes close to(Gu et al., 1984; Rice & Ruina, 1983he stiffness
model ascribes the changes in slip behaviors to the changes in friction pardeaeters
b), characteristic displacemet and the effective normal stress

The resuls from this stidy support the idea that fault slip behavior can be affected
by the variation in pressure condit®which also affect the friction parameterbese
variations can result ingpectrum of fault slip behavidtkari et al., 2013; Kitajima &

Saffer, 2012; Leeman et al., 2018)y increasingpore fluid pressurer decreasing
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effective pressure, the fault slip behavior can change from unstable seismic slip with
larger irregular stress drego transitional slowlip with small regular stress drops.
This transitiorrepresents decrease in the critical stiffness.

The dfect of pressure on the rasmdstate friction parameters has been
investigatedn several studieg.g. Niemeijer & Collettini, 2013; Scuderi & Collettini,
2016) Previous friction experimes have found that higpore fluid pressureould
lead to an increase in friction paramet@b) and the characteristic displacemdbg)(
due tothedilatant hardening mechanisi@hapter 3) This could result in a reduction
in the critical stiffness antherefore favor stabilization of fault sliphis is supported
by the observation from our studies where high pore fluid pressure stabilizes fault slip.
The effective pressure would causeincrease in both n and (a-b), and therefore
increases theritical stiffness and destabilizes fault slip. As effective pressure increases
further, (a-b) becomes positive and only aseismic slip can o¢Bueterich, 1979;
Ruina, 1983)

Figure4.12 shows a conceptual fault slip madebf the subduction zoneombining
previous geophysical observations with the experimental sefsaith this study At
shallow depththepore fluid pressures relatively low and remagmostly hydrostatic.

The effective pressure is the dominaontrol on slip behaviorat these dept An
increase in effective pressure caugastable slip to emergeith increasingdepth.
Local variations inpore fluid pressuredue to impermeable layers couldwuse
transitional slip behavido occur at shallow depthAt deeper depthiuids are released
by dehydration reactionslecrease in the permeabilitiye to chemical precipitation

and inelastic deformation could preclude fluid migration aadse thepore fluid
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pressureto increaseto nearlithostatic level(e.g. Walder &Nur, 1984; Zoback &
Townend, 2001)At this depth, pordluid pressurébecomes th@rimary contrdling
factor on the slip behavioAn increase in thpore fluid pressurstabilizes fault slip
and causgthe transition from unstable slip to slesiips. At even deeper depth, both
effective presure angore fluid pressurancreaseo a high level. Only aseismic stable

slip can occur at such conditions.

Crustal Faikre Main control factor Pressure condition and Stress drop and
Strength mode on seismic behavioe transition in seismic behavior slip behavior
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Figure 4.12: Synoptic fault slip model o& subduction zone. The observed spectrum of slip
behaviors is the result of an interplay between effective pressuppoeadluid pressure

4.5 Conclusion

The results from our study Wademonstrated that:

- Variatiors in pore fluid pressuréPr) andeffective pressuréPe) can lead t@a
transition in stickslip behavior from unstable seismic slip to sislip and
aseismic slip

- The spectrum of sticklip behaviors observed in this study is a result of the

effect of pressure conditions on ttrtical stiffness of the deforming material;
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- An increase in effective pressure tend increasethe critical stiffness and
enhance sticlslip until a threshold is met where stiskp events arprohibited,
and creep takes place;

- Higherpore fluid pressretends to decrease tletical stiffness and leaito
slow slips and transitional slip behaviors.

Our experimental results support the hypothesisttietransition between stiek
slip and slowslip can be achieved on a seismogenic fault by varyingptessure
conditions. Thepore fluid pressuréPr) and effective pressuré) are functioning as
two pressuralials that can tune the slip events. Specificalgecrease in effective
pressure omn increasein pore fluid pressure could both causetransition of slip
behavior from unstable, seismogenic stitip to relatively stable slovglips. Our
observations further support the idea that unstable earthgjaakeslowslip events
could arise from the same mechanidrhe results imply that thgorefluid pressure
build-up could cause the stightip event to change from earthquakeneréing
unstable slip to slow sli®ur study illuminates the correlation between the occurrence
of SSEs and presence of high pore fluid pressure and provide insigesdynamics

of subduction zones.
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ChaptReorl e5:0f Pore Fluid Pressure

Various Crystalline Rocks

Abstract

Interstitial fluid pressure exerts an important control on rock deformation
throughout the lithosphere. Experiments in Chapter 3 show that the frictional slip along
a gougebearing fault can change from velocity weakening to velocity strengthaging
pore fluid pressures increase, and the strengthening effect varies with different mineral
compositions. This raises the question whether the strengthening effect of high pore
fluid pressure otfiault propagatiordiffer in different types of rockdn this study, we
conducted traxial deformation experiments on low permeability intact dunite,
harzburgite and granite to investigate the effect of high pore fluid pressure on fault
propagation in different rock types. Our results show that high pore flesspre
impedes fault propagation in all rocks tested. The style of stabilization varies in
different types of rocks. In granite samples, the stabilization mainly manifests in
increasing the duration of fault nucleation, whereas the rates and magnituties of
main faulting events remain similar. In contrast, ultramafic rocks (dunite and
harzburgite) deformed at high pore fluid pressures not only have much longer durations
of fault propagation, the magnitudes and rates of stress drop are also significantly
reduced. Microstructural observations show that the microcracks Higilose granite
samples are predominantly mefjewhereas few mode cracks are observed in
deformed ultramafic rocks. This is in good agreement with the amount of dilation

recorded dung deformation. The strengthening effect can be explained by the dilatant
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hardening model. The results shed light on the effect of pore fluid pressure in stabilizing
fault slip in different rock types and provides insights into the occurrence of traasitio

fault slip behavior in a variety of crustal regions.

5.1 Introduction

Knowledge of the brittle deformatiaof rocks is important for understanding the
geological process active in the lithosphere. Meehanical sength and deformation
behaviorof rocks alse@xers critical controls over the seismicity along plate boundaries
(Audet & Schaeffer, 2018; Kodaira et al., 2004; Shelly, 20I®e structure and
composition of the lithosphere is also very complex. Oceanic phdargely
composed of peridotite, including dunite, harzburgite, Btca simple model, the
oceanic lithosphere can be regarded as basaltic rocks overlying depleted mantle
peridotite(Druiventak et al., 2011)'he continental crust is largely composed of felsic
rocks including granit¢éRudnick & Gao, 2013)Within the crust,te interstitial fluid
is alsocommonly present and interacts with rock, having a significant effect on rock
deformation pocessegMakhnenko & Labuz, 2015; Rice & Cleaty976; Rutter, 1972,
1974) Therefore, to obtain @omprehensiveview of lithospheric deformation,
experimental studies on the effect of pore fluid on the deformation of various rock types
are required.

The mechanical effect of pore fluid pressure on lthéle failure of a rock is

commonly discussed in the framework of the effective pressuré€Tieszaghi, 1943)

U U U OF)
whered is the confining pressure andis the pore fluid pressure. An increase in pore

fluid pressure leads to a reduction of effective pressujeapdconsequentlyowers
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the stress required for the brittle fail&bson, 1973)The effect of pore fial pressure

on deformation behavior by changing effective pressure has been investigated in many
numerical and experimental studig$elmons et al., 2016; Hubbert & Rubey, 1959;
OugierSimonin & Zhu, 2015; Rutter & Hackston, 2017)

Recent studies show that the deformation behavior can also be affected by the
absolute level of pore fluid pressure under the same effective pressure conditions.
French and Zhu (20)7ound that under constant effective pressure, the duration of
failure in intact serpentinites increases monotonically with increasing pore fluid
pressure. The faulting changes from rapid and audible at low pore fluid pressure to slow
and quiet at hilg pore fluid pressure. Studies related this slow faulting associated with
increasing pore fluid pressure to the dilatant hardening mechdkiemch & Zhu,

2017; Rice, 1975)Microcracks during brittle deformation cause dilation of the pore
space whih leads to a transient decrease in the pore fluid pressure and increases the
local effective pressure, therefore, strengthening the faulBngce & Bombolakis,

1963; Rudnicki, 1984)

A similar stabilization effect associated with dilatant hardening on frictional sliding
has also been discoveréBudnicki & Chen, 1988; Samuelson et al., 200Bhe
Chapter 3 showed that, attigh strengthening effects on frictional deformati@ave
been observed with increasing pore fluid pressure, different extents of strengthening
have also been found with larger effects observed in serpentine and olivine comparing
to quartz. This suggestsdt the high pore fluid pressure strengthening is composition
dependent. However, it is still unclear what is responsible for the mechanism that

causes the effect of strengthening to be composition dependent. Whether the dilatant
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hardening would affect jashe fault propagation or if it also affects deformation prior
to faulting (i.e., fault nucleation) also remains to be tested through experimental studies.

Although earthquakes have been assumed to occur cexjsterg faults in
theoretical modelingScholz, 1998) it is not well known to what percentage the
eathquakes occur on faults or whether fracture would ooculocked regions with
strength near that of the intact rogkeckner & Beeler, 2002)Therefore, expéments
on intact rock fracturing can help further understand earthquake mechafistagy
of the effect of brittle faulting at high pore fluid pressure conditions may also help
iluminate the existence of transitional slip behaviors including slpgand tremors
(Ito & Obara, 2006; Obara, 2002; Shelly, 2010)

In this study, we conducted 4axial deformation experiments on intact dunite,
harzburgite and granite, which cover a range of rock types occurring in the continental
and oceanidithosphere. The purpose of this study is to investigate the effect of fluid
pressure on the deformation of peridotite and granite to better understand crustal
deformation. The goal is to investigate whether the fault propagation in different types
of rocks responds differently to high pore fluid pressures, and if so, what are the
mechanisms responsible. Results from this study can help further understand the
dynamics of fault propagation. They can also provide insights into the observed links

between higlpore fluid pressures and slow slips in various crustal regions.

5.2 Sample Configuration and Experimental Procedures

Samples used in this study include dunite and harzburgite fro8athailophiolite,
Oman, obtained bynternational Continental Scientifi®rilling Program, Oman

Drilling Project. For comparison, samples of Twin Sisters dunite from Washington,
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and Westerly granite fronRhode Islandare also studied. The Oman dunite and
harzburgite are highly serpentinized. The Twin Sisters dunite is rd{atinaltered

with a high component of olivine. The Westerly granite is composed of quartz, feldspar
and minor biotite. All samples are 18.4 mm in diameter. Sample length is 38.1 mm for
granite and 43.8 mm for all other rock typ&he sample is jacketeding copper foil

with thickness of ~0.05 mrand joined with spacers and steel-@agsusing 2 layers

of polyolefin tubes. The top spacer and @agh have @oncentrichole which allows

fluid access throughout the experiment (see Figure 5.1).
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Figure 5.1: Experinental setup. The confinemem), axial load(, 1) andpore fluid pressure
(Pr) are controlled independently using external intensifiers.

All experiments are conducted at 10 MPa dffecpressure = Pc-Pr) with pore

fluid pressures ranging from 10 MPa to 120 MPa. Detailed experimental conditions are
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listed in Table 5.1The samples are deformed undefattial stress conditionsvhere
the maximumprincipal stresseg, 1) is along the axial direction and th@ermediate
principal stresg, 2) and minimum principle stregss) are along the radial directions
of the sampleThe,, 2 and, 3 are controlledby the confinement pressure i,e.=, 3=

Pc. An external force gauge is mountedthe piston outsidtéhe vessel from which the
axial load(, 1) is measured. The differential strésgp= , 1 - ,, 3) is calculated from the
force gauge reading. Axial displacement on the sample is calculated using a linear
variable differential transformeflLVDT) affixed to the axial piston. Strain on the
sample, incluthg axial strair( a) and radial straif ;) are measured using strain gauges
affixed to the copper jacket around the sample. The volumetric §tyqis calculated
from the axial and radial stin measurementsy="Ta+ 2 ().

Samples are saturated in deionized water under vacuum for 2 days and then under
atmospheric pressure for a monphior to the experimentBefore starting the
deformation, the sample is brought to 20 MPa confining pressod 10 MPa pore
fluid pressure to purge out bubbles in the pore system. Then both confining pressure
and pore fluid pressure are increased at a rate of 2 MPa/min while keeping the effective
pressure ~10 MPantil the experimental condition is reachetheh the sample is left
at the condition for 6 hours to allow pore fluid pressure to equilibrate after which the
deformation is conducted. Deformation is conducted at a displacement rate @i'. 1
which correspond to a strain rate of ~2.6%%0 for granite samples and ~2.3x%@*
for dunite and harzburgite samples.

After the deformation,samples are impregnatedith epoxy and are cut

perpendicular to thdracture planeand parallel to thanaximum principle stress
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direction (see Figurés.1). Thin sections are maddong the cut surfacand are used

for microstructure analysis.
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Table 51: Experimental conditions of all tegf®D: Oman dunite; OH: Oman harzburgite;

TSD: Twin Sisters dunite; WG: Westerly granite)
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5.3Results

5.3.1Mechanical Strength

The mechanical data of aleformation tests are presented in Figure 5.2. Here, the
axial strain is calculated from the axial displacement. All stséssn curves show nen
linear trend for the first 0.5% axial strain, indicating the initial crack closure. This is
then followed bya linear portion which indicates linear elastic deformation of the
sample until the onset of dilatancy.
The two types of dunite and the harzburgite skengevariations in peaktressn
tests Experiments on Westerly granite show consistent peak stnesshaw ~1%
variation. The peak stress variation does not show correlation with increasing confining
pressure and are likely resulted from natural sample variaiohse Youngdés modul
calculation on samples of the same rock type are consistent. Where dsta is

avail abl e, t h)escdcaolatesl asing thesfollawimg eguatior:

| &

Lg

~ &

Calculation of he Poissondés rati.o also
The Oman harzburgite shows the highest Po
granite. The Poissondés ratio obtained fro
measurement from similar rock typ@sg.,Rao & Raman, 1974)

Available strain gauge daséow that the stresstrain relationship is also consistent
for the same rock type (Figure 5.3, 5.8 and 5.9m@ressive stresses and compactive

strains are positive, following thegeological conventianStrain gaugesmay be

compranmised by the localizedrdcture at the end of the experiment. Therefore, the
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strain after the point of failure does not necessarily indicate dilation or compaction. In

the Westerly granite, eset of dilatancy is observed staring from 62% of the peak

stress. However, the Oman diensample shows a lack of dilatancy prior to faulting

from the strain gauge data.
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Figure 5.2: Plot of differential stress against axial strain. Mechanical data of a) Oman dunite;

b) Oman harzburgite; c) Twin Sisters dunite; d) Westerly granite deformed at constant effective

pressure of 10 MPa ammbre fluid pressureranging from 10 to 120 MPa.
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Figure 5.3: Straindata of a) Oman dunite af Westerly granite samples deformed at an
effective pressure of 10 MPa. Pdihgid pressure conditions vary from 10 to 120 MPa.

5.3.2FaultNucleation andPropagation

Figure5.4 shows the post peak deformation of all tested samples. The peak stresses
are offset to O for a comparison of different samples. The peak stress of sample shows
large variation. Magnitudes of stress drops are generally consistent.

Immediately after thpeak stress, all samples show strain softening before a sudden
stress drop, i.e., fault propagation (Figure 5.4). The nucleation and propagation process
was illuminated byLockner et al., 1992)At low pore pressures, the period after the

peak stress but before the sudden stress drop lasts a few 10s of seconds in all samples.
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At high pore fluid pressures, this period reaches a typical 200 seconds, a two

orders of magnitude increase (Figure 5.4).
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Figure 5.4: Stress drop during fracture propagation for a) Oman dunite; b) Oman harzburgite;
¢) Twin Sisters dunite; d) Westerly granite deformed at an effeptiwesure of 10MPa and
various pordluid pressures.

The duration of fault nucleation and propagation is measured as the time lapse from

when peak stress is achieved until stress drop is complete (see Table 5.1 and Figure
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5.5). We observed that the duratiof fault nucleation and propagation is positively

correlated with the pore fluid pressure when the effective pressure is kept constant.
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Figure 5.5: Fault propagation duration of a) Oman dunite; b) Oman harzburgite; o) Twi
Sisters dunite and d) Westerly granite at different flard pressures from 10 to 120 MPa.
Solid circles represent the total fault propagation duration and open circles represent the fault
nucleation duration.

Effect of pore fluid pressure on stress drops varies in different types of rocks (Figure

5.4). In Oman dunite and harzburgite (Figuréab b), at low pore fluid pressures of

10~20 MPa, the stress drop is abrupt, represented by the nearly vertical slope on the

stresstime plot. As pore fluid pressure increases, the faulting event slows down with a

shallower slope on the streBsie plot. At 120 MPa the stress drop becomes a long,

extended process that takes ~30 minutes. Twin Sisters dunites exhibit very similar
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faulting behaviors. However, there are large natural satogdample variations in
this suite (Figure 5.4c). In Westerly granitie stress drops are sudden at all pore fluid
pressure conditions.

At low pore pressure of 10 MPa, the stress drop is accompanied by audible sounds.
At high pore pressure of 120 MPa, the stress drop is no longer audible. Similar effects
have been obseed in fracturing experimenfFrench & Zhu, 2017)and friction
experiment(Leeman et al., 2016)here ¢gnamic events are associated with loud
acoustic emissions. The contrast in audibility of fracturing in granite between low (10
MPa) and high (120 MPa) pore fluid pressure indicates a transition from dynamic to
guasistable faulting. In the dunite and hamzgite experiments, no sound was detected
in association witlthe faulting events at all tested conditioi$is may suggest a
different fracturing mechanism of olivine dominated rock compared to granite which

is quartzand feldspadominated.

5.3.3Micro-structure

Microstructure analysis of sample post deformation show different behaviors at
different pore fluid pressures under the same effective pressure (Figure 5.6, 5.10, 5.11,
5.12, 5.13). At low pore fluid pressure, the fault geometry does not show any
complexity. The fault plane is relatively localized with a single fault plane at an angle
of 20~40 to thes: direction. As pore fluid pressure increases, the fault becomes more
dispersed with more complex fault structure with an average fault angle-830 2@
the s1 direction. Minor faults are observed branching out from the main fault plane at

high angles (30~40°). Development of shear bands is also observed within the fault.
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The microstructures are also affected by the composition of the samples. The
olivine grains from Twin Sisters dunite sample are more heavily fractured (Figure 5.6a)
compared to the quartz afeldspar in granite (Figure 5.6b). Tragsanular fractures
coalesce and form a complicated fracture system in the dunite samples while the granite
is observed with a througdoing shear fracture that intersects the sample.

Intracgranular cracks are obsed in both Twin Sisters dunite and Westerly granite
samples. In granite, the intgmanular cracks are mostly moetlgensile cracks
parallel/subparallel to the, 1 direction. This is less common in the dunite where
orientations of intragranular cracks appear to be randobhe Oman dunite and
harzburgite are heavily serpentinized and does not shown significant intragranular

fractures.

5.4 Discussion

5.4.1Stability of Fault Rupture
According toRice & Rudnicki(1979) a dynamic fault instability occurshen
strain weakening takes place at a faster rate than the elastic unloading of the
surroundings (Figure 5.7a). Results from this study on the slip weakening distance
show that the slip weakening distance is short at low pore fluid pressure of 10~20 MPa
compared to a longer weakening distance at pore fluid pressure of 60 MPa or higher.
The increase in the slip weakening distance also leads to a shallower slope of the slip
weakening curve (Figure 5.7b and 5.14) which represents a stabilization of faulting.
This indicates that an increase in pore fluid pressure stabilizes the fault rupture through

increasing the slip weakening distance.
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The microstructure shows that the fasltocalizedat low pore fluid pressure and
changes to distributed fault network at high pore fluid pres3imelocalization strain
can be considered as an instability in rock deformgtrdnicki & Rice, 1975)The
presence of the distributed fault at high pore fluid pressure condition indicates

stabilized faultigy.

5.4.2Mechanism of Fault Stabilization
Result from this study has revedlthat under the same effective pressure, higher
pore fluid pressure can lead to stabilized faulting. Previous studies have related this to
the dilatant hardenin@~rench & Zhu, 2017; Re, 1975; Rudnicki, 1984A similar
effect can take place in our experiments. This effect is more prominent at high pore
fluid pressure conditions, as fault propagation could lead to larger pore fluid pressure
reduction at the crack tip and, therefadarger local increase of effective pressure and

a more significant effect of strengthening.
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The distributed fault structurebservedat high pore fluid pressureould be a
manifestation of larger effect from dilatant hardening. The rock is considered a
generally uniform body with defects such as microcracks as the potential fracture
nucleation sites. At high pore fluid pressure, the larger effects from dilatant hardening
would strengthen the propagation of fault until slip is inhibited. Then newufesc
would develop from the prexisting defects until the rock is strengthened again, and
new fractures would be generated. This process due to strengthening from dilatant
hardening would result in a distributed shear fracturing network. At low powk flui
pressure, a localized fracture plane is preferred as the dilatant hardening is not so
prominent The more heavily fractured grains and more complex fracture network from
dunite samples compared to granite may also indicate a larger effect from dilatant
hardening.

The observations on the faulting events also indicate that dilatant hardening not
only affects the fault propagation, but also extend the duration of fault nucleation by
strengthening the development of mianacks. However, to further quanttfyis effect
on fault nucleation, a systematic study on the brittle creep behavior at different pore
fluid pressure conditions is required.

The permeability of the sample may also contribute to the strengthening. Samples
tested in this study are considegsdlow permeability samples. Previous studies have
shown that samples deformed at strain rate comparable to this study can be considered
as partially draine@Brace & Martin, 1968) This may lead to a variation in the pore
fluid pressure during deformation. However, no significant pore volume change has

been observed before and after fault development from this study. This reflected a
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minor amount of volume change of the rock which limited the variation of imposed
pore fluid pessure due to low permeability. In addition, the deformation rate during
fault propagation could become orders of magnitude faster than the imposed rate and
promote draining. Studies have also demonstrated that the effect of dilatant hardening
also leaddo a slowdown of failurein porous sandstongsrench et al., 2012jhich

has permeability orderd asnagnitude higher than samples tested in this study. Based
on these, we think that variations in pore fluid pressure associated with the permeability
may promote dilatant hardening at high pore fluid pressure but should not act as the
primary control onlte deformation in our experiment. The main control on the fault

stabilization should still come from dilatant hardening.

5.4.3Micro-cracks Development

Microstructure analysis on the Twin Sisters dunite and Westerly granite shows a
network of trangyranula fractures in the dunite compared to the relatively localized
fault in granite (Figure 5.6). This results in a more distributed fracture network in dunite
samples comparing to granite which may also be the reason why fracturing in the dunite
is inaudiblecompared to the loud rupture in granite. The mitagtures are also denser
in the dunite comparing to granite which may be a manifestation of larger effect of
strengthening.

Analysis on the intrgranular cracks shows that the granite is dominated by the
cracks parallel/suparallel to the, 1 direction which is uncommon in the dunite. This
Is consistent with previous studies that Westerly granite fails by the interaction of
model tensile crackgFrench & Zhu, 2017; Reches & Lockner, 1994he Twin

Sisters dunite seem to be similar to the serpentinite which show highly isotropie micro
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cracks orientationgBrace et al., 1966; Escartin et al., 1997b; French & Zhu, 2017)
The fracturing of dunite could be a result of the mtidgacks. The Oman dunite and
harzburgite are highly serpentinized. The deformation could be mostly accommodated
by the sliding along grain boundaries. This may also explain the observation that the
intergranular cracks are not well developed in Oman dunite and harzburgite. This also
explains that the dunite shows no dilatancy from the sgauge measurements
compared to the granite prior to the fracturing as the serpentine has been found to be
nondilatant during deformatio(Escartin et al., 1997b, 200However, quantitative
characterizations of on the miestructures of the deformed samples are required

before a solid conclusion can be drawn.

5.4.4Stabilization Effect of Diffeent Sample Composition

Fourdifferent samples were tested in this study. The strengthening effect appears
to show dependence on the compositiongranite samples, the stabilization mainly
manifests in increasing the duration of faulting, whereas tles aatd magnitudes of
the main faulting events remain similar. In contrast, ultramafic rocks (dunite and
harzburgite) deformed at high pore fluid pressures not only have much longer durations
of fault propagation, the magnitudes and rates of stress droglsaresignificantly
reduced (Figure 5.4 and 5.14). This is consistent with our results that serpentine and
olivine dominated samples show larger strengthening in frictional slip comparing to the
guartz and clay dominated samples (see Chapter 3).

We specudte that the different modes of microcracks in olivine and quartz are
responsible for the different styles of strengthening. In granite, dilatancy caused by

model cracks takes place mostly during fault nucleation. This is supported by the large
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amount ofdilatancy observed before the stress drop. Dilatant hardening can explain the
observed strengthening in granite during fault nucleation. Because the granite fracture
is mainly caused by the interaction of mddeicro-fracturefMoore & Lockner, 1995;
Reches & Lockner, 1994Although the magnitude of the stress drop in granite samples
does not vary significantly at different pore pressures, &itran from dynamic to
guaststatic faulting at high pore pressures can be inferred from the disappearance of
the audible sounds associated with faulting. In contrast, in dunite and harzburgite
samples, because namdel cracks(e.g.Escartin et al., 997; French & Zhu, 2017)

do not produce large dilation, the dilatant hardening effect is less prominent, which can
explain the strain softening observed during fault nucleation in the ultramafic samples.
Mix mode transggranular cracks are observed nitpstluring fault propagation,

consistent with results frofrench & Zhu(2017)

5.4.5Faulting Stability with the Presence of High Pore Fluid Pressure

There are many similarities leten the mechanism of fracture and friction on
faults. Both of them involves grain breakage and rotation, crack propagation and even
plastic deformatiorfLockner & Beeler, 2002)Previous studiesn rock frictionhave
found effect ofstabilization associated with high pore fluid presqlwee=man et al.,
2016 Chapter 3 which may lead to the transition of frictional behavior from dynamic
seismogenic slip to transitional slow slips. The alteration of the mechanical behavior
of the fault due to presence of pore fluid may also occur in intact rock.

Observations from this study show that the high pore fluid pressure stabilizes brittle
faulting and slows down fracture propagation similathtose observed from friction

studies.The processes of crack development and coalescence studied here may also
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present in gouge materials during friction and affect the frictional behdWierquasi
stablefaulting observed from this study may beaaralogyof transitional slip behavior

of slow slips in the context of rock friction and could have wider implications on the
earthquake mechanisms in the transition zone where occurrence eflgievand
tremoss are often associated with high pore fluid pres@bara, 2002; Okazaki ek a

2013)

5.5Conclusion

The results of our study have demonstrated that:

Under constant effective pressure, increase in pore fluid pressure lead to the
stabilization of fault propagationpoth duration fault nucleation and
propagation has been extended with increasorg fluid pressure
- Observation of similar effesamong diferent rock types demonstrate that the
highpore fluid pressurstabilization is not limited to one lithology;
- The strengthening effeof the pore fluid pressurenthe postfailure behavior
is sensitive to lithology
- Differentmodes of micrecracks mayontribute to the dependencepafe fluid
pressurestrengtheningeffect on rock types
The discovery from this study demonstrated the universality of the high pore fluid
pressure strengthening effect fault nucleation and propaghtpovidesinsights into
the fault stabilization in association with the presence of high pore fluid pressure. In
the meantime, it indicates that rocketh various compositions may response

differently to the strengthening due to different modes of cracking. Thly stiso
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provides insights on the occurrence of transitional fault slip behaviors in a variety of

crustal regions.
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Figure 5.8: Strain gauge data @man Harzburgitesamples deformed. Some strain data are

missing due to straigauge malfunctions.
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Figure 5.9: Strain gauge data @man Harzburgitsamples deformed. Some strain data are

missing due to strain gauge malfunctions.
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Figure 5.10: Reflected light imag®f microstructures of fracture@man Dunitedeformed at
an effective pressure of 10 MPa and under low (10 MPa) and high (120 MP#ujmbre
pressures.
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