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Introduction

Co-seismic slip depth limited within sub-cm-thick
gouge & cataclastic-bearing principal slip zones

Localization to sub-mm scale during single co-seismic
slip events

High-velocity (V.. = 1 m/s) rotary-shear experiments

@ normal stress (c,) of 3-20 Mpa done under room-dry

& wet conditions

Natural fault zones in limestone more susceptible to
rapid dynamic weakening if water is in granular
slipping zones



= There were 2 different rotary-shear apparatus utilized
= [.Slow to High Velocity Apparatus (SHIVA)

m Et h O d S = II. Pressurized High-Velocity (Phv)

Material &




= 18 experiments using strain markers
= Max. slip rate: 1 m/s

= Accel. & Decel.: 6 m/s?

* o, 3-20 Mpa

= Total displacements: 0.011-2.5 m under room-dry & water-
dampened condiditons

= Gouge layer inner/outer diameters: 35 & 55 mm

Tahle 1
Experiments performed with SHIVA. Experimental conditions applied in the a) room-dry and b) water-dampened strain-marker experiments. Equivalent target slip rate was
1 mys in all experiments.

Setup of SHIVA

Experiment Mormal stress Total equivalent Applied Max. bulk strain rate Thickmess Initial thickness
(MPa) displacement {m) bulk strain® [1sp (mm) (mmjJ*
a) Room-dry s597 3 0.29 128 441 214 2.27
SEEG 3 25 12495 318 1.8 1.93
SBT3 85 008 32 A0 - —
5953 85 013 60 463 141 2.16°
sBT1 85 028 112 A0 - —
sEET 85 029 108 376 25 2 66
sBE1 85 043 195 452 202 2N
51013 85 043 172 A0 - -
5952 85 a5 200 A0 - —
SEIG 85 13 442 340 16 2.94
843 8BS 13 351 424 21 236
5875 13 014 56 A0 - -
539 20 0.29 141 488 183 205"
b) ‘Water-dampened” 5859 85 0011 & 230 T4 1.74
sBO5 85 02 &0 A00 - 0.9
5961 85 043 228 529 174 1.89
sBEOE 85 15 732 488 18 205
s962 85 21 1148 546 155 1.83
5279 173 282 1128 A0 - —
5389 i 15 ADE A00 - -

“ If no initial samiple thickness could be calculated, a thickness of 2.5 mm was assumed.
® 20 wrk distilled HyOL

* Thickness of sheared gouge layer evaluared from the SEM pictures.

4 Material loss during sample preservation.

* Obtained from © and the amount of compaction measured during the experiment.

" Mo strain marker.



= 24 experiments under room-dry & controlled pore-pressure conditions
= Max. slip rate:1 m/s

= Acceleration: 0.5 m/s?

= Gouge layer inner/outer diameters: 30 & 60 mm

" o, 3-12 Mpa

= Pore-fluid pressure: 0.2-1.5 Mpa

= Perfomed w/room-dry & water-saturated conditions, no strain markers

®= Datarecorded @ 1 kHz rate

Table 2
Experiments performed with the Phv apparatus. Experimental condivions applied in the a) room-dry and b} water-saturated experiments. Equivalent targer slip rate was
1 m/s in all experiments.

Experiment Mormal stress (MPa) Fluid pressure [MPa) Total equivalent displacement () Pre-sheared?

a) Room-dry phv3tl 3 - 5.5 i
phv3ds 3 - 372 N
phv2ag 85 - 15.62 Y
phviol 85 - 17.62 Y

b)) Water-saturated phv30s 1 15 158.42 v
phv3DE 1 02 19.22 Y
phvan 3 7 22.00 ¥
ph3ng 3 15 19.12 Y
phviin 3 (113 531 Y
phvils 3 (1.3 532 N
ph3d? 3 7 4.86 Y
phv3d7 3 7 388 M
phviss 3 7 218 Y
phv3do 4 1 4.92 ¥
phvist 45 105 4.03 Y
phviso & 9 4.25 Y
phvzal 85 15 2270 Y
ph2az 85 15 16.06 Y
phva7 85 15 18.40 ¥
phv2ag 85 15 17.43 Y
phv3oo 85 15 991 ¥
phvilz 85 15 5.12 Y
phv3n? 10 2 4.82 Y
phvi3ng 12 15 12.82 Y




Sample prep &
analysis technigues

Calcite group from crushed Carrara marble
Both gouges sieved to <250um

5 g of calcite gouge used to get 3 mm thickness for
SHIVA tests

15 g of calcite gouge used to get 3mm thickness for Phv
tests

Dark grey dolomite marker is sheared in slip & finite
strain fashion @ different positions within gouge layer

T = tan ¢ = dx/x = horizontal displacement/layer thickness



= Mechanical behavior of room-dry & water-

dampened calcite gouge

In SHIVA, peak stress (Opqqy) is 2.5-16 MPa @ 3-20 MPa
normal stress (0,,) correlating to peak friction coefficient
(M =1/0,) 0of~0.6 to 0.7

Absolute shear stress values higher in Phv than in SHIVA
Compaction rate change higher for room-dry samples

Strengthening phases shorten with increased ¢, in room-
dry experiments

Higher acceleration, longer strengthening phases for
SHIVA tests in wet conditions than for Phv

2 water-dampened SHIVA tests suggest rising length of
strengthening values

Dynamic weakening initiates after strengthening phase



Tahle 3
tal results. Length of strengthening phase {dusengn), peak and steady state shear stress (7 p.qy and rg, respectively) with uncertainty ranges {min. and max. values)
for a) room-dry and b) wet experiments.

Experiment i e— irvength, min Datsvergrhuman Tk stk mmin Tpeitk,maz Taa Tis,min s max
{m) {m} {m) (MPa) (M Pa) (MPa) (BPa) (BPa) (BPa)
a) Room-dry 5897 - - - 1.51 1.24 1.77 - - -
SBEE 078 048 080 229 215 239 144 120 157
5053 - - - 514 505 533 - - -
sE71 009 (i} 0.10 4.79 464 493 420 339 432
SBET 011 s naz2 5.58 517 567 - - -
sBE1 0.09 006 009 537 474 532 306 243 370
51013 010 (iR} 011 579 5.61 584 318 290 347
5952 019 018 023 5.64 546 582 2163 126 3.00
sBYE oo Lkl o 524 4.47 542 332 217 447
5043 0.11 011 012 545 524 556 2188 237 340
sB7S 0.08 005 0.08 11.27 11.00 1153 - - -
sEES 0.03 003 004 14.50 14.31 1468 538 454 591
phv2949 013 L1k 0z .79 7.4 T84 1.79 1.67 216
phw30 0.15 o4 015 785 737 789 1.54 1.12 207
phv3ll 056 033 058 259 224 260 1.28 1.18 139
phv3a3’ 029 028 040 279 264 282 157 144 1.70
b} Water-dampened -saturated 5959 0.0055 oms 0.0060 4.81 447 536 - - -
sBAS 0.0015 00010 0.0043 462 437 496 369 353 392
5061 0.0082 00038 00530 4.7 462 485 370 330 4.15
SEOE 0.0030 0.0023 00638 487 4.53 539 377 332 4.2
=962 0.0052 o014 0.0085 4.75 4.45 530 386 3.54 4.18
5279 0.0058 00043 00074 11.49 10.94 1168 436 370 5.02
5389 00423 00378 0.0569 11.72 538 1807 420 314 527
phv2a1 00021 00m7 0.0023 586 538 634 1.79 1.55 203
phyv2g92 0.0011 00oes o.oo13 529 538 520 1.34 1.22 146
phv297 0.0011 ooo11 00324 551 538 565 143 1.14 1.7
phv298 0.0014 00013 0.0s07 579 538 620 236 205 267
phv300 0.0008 L0006 00676 5.78 538 618 3.00 284 317
phv312 0.000% oooo? o.oo12 576 538 614 1.79 1.55 202
phw30s 0.0080 00066 00574 322 538 1.06 052 0.42 0.61
phv310 0.0011 00009 00015 394 538 251 1.14 0.95 133
phv3od 0.0008 0.0007 0.0008 6.06 538 675 217 1.95 2138
phv309 00006 00oes 0.00o08 1.05 538 BT2 223 1.90 256
phw30d 0.0046 0.0035 0.0048 340 538 242 1.11 0.99 124
phv305 00136 00130 00141 3.15 538 L] 0.36 0.29 0.44
phv340 0.0038 00036 0.0040 376 538 214 0.90 0.67 1.24
phv350 0.0036 0036 0.0046 392 538 245 141 0.9 1.87
phv290 0.0077 00077 00120 3.47 538 157 0.69 0.65 0.73
phv3s? 0.0130 o109 00154 336 538 135 0.66 0.50 0.83
phv3ss 0.0346 00047 00346 329 538 120 0.28 0.25 0.31
phv3sl 0.013% 00038 00144 3.50 538 161 047 042 0.52
phv313’ 0.0066 00060 0.1754 386 538 234 1.31 1.12 1.50
phv3a 7 0.0007 0.0006 0.0048 322 538 1.06 0.13 010 0.24

* Phyv-experiments without pre-shearing.
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Flg 3. Mechanical Data. a) Shear stress vs. equivalent displacement for experiments conducted with SHIVA using a target slip rate of 1 m/s and an acceleration of 6 ms2. Color
coding corresponds to different ambient conditions and normal stresses used [(see begend, valid for all subplots). The strengthening phase, ie. the slip distance to the onset of
dynamic weakening, 5 indicated with double-headed arrowes. A slight misalignment of the axial columns of the apparatus causes oscillations in the shear stress, which are more
severe at higher normal stresses. b) Shear stress vs. equivalent displacement for experiments conducted with the Phv apparatus using a target slip rate of 1 mys and an acceleration
of 0.5 ms”. ¢) Evolution of the axial displacement with egquivalent displacement in room-dry (red) and water-dampened (blue) experiments performed with SHIVA. A positive
displacement denotes compaction, a negative dilation. d) Evelution of shear stress and axial displacerment ( secondary y-axis) during the acceleration stage (slip rate is labeled Vel
and plotted in grey also on the secondary y-axis) to better resolve the strengthening phase, which is schematically annotated for both a room-dry (red line) and water-dampened
(bhee and cyan lines) experiments. The apparent large increase in compaction at the end of the water-dampemed experiment is in fact an oscillation likely caused by a misalignmeni
aof the axial column; the oscillation can also be observed in the shear stress. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig 4. Dependence of strengthening phase and degree of weakening on the
normal stress. a) Length of the strengthening phase (Le. the slip distance to the onset
of dynarmic weakening) on a logarithmic scale and b) degree of weakening in room-dry
[red symbols) and water-dampened (blue and black symbols) conditions ws. the
applied normal stress for experiments performed at a slip velocity of 1 mfs. Filled
circles indicate experiments performed with SHIVA, diamonds indicate data from
experiments performed with the Phv apparatus, which is equipped with a controlled
pore-fluid pressure system. Semi-filled diamonds indicate that the gowge was pre-
sheared at 1 mmyjs fior 30 cm. Squares show data obtained by Srnith et al. (2015) us-
g SHIVA. Where no error bars can be seen, the error is smaller than the data points.
(For interpretation of the references to colour in this figure legend, the reader is
referred o the web version of this article.)



= Progressive microstructure development

Microstructure of sheared calcite gouge changes
w/displacement growth

In both wet & dry gouges, zone of comminution grows
Both samples show rapid change from high to low strain

Little change in preserved samples in microstructure of
both dry & wet gouges

Both gouges show high strain zone go from general zone
of slightly compacted pulverized powder to highly
comminuted and compressed gouge sliced by a discrete
principal slip surface



Room-dry Gouge Water-dampened Gouge

0.01m

0.13-0.2m

100 pm

Flg. 5. Progressive development of microstructures with displacement. Scanning electron microscope images [backscattered electrons) of room-dry (left column) and wates-
dampened (right column) sheared gouge samples cut tangential to the shear direction as illustrated in Fiz. 2k The sense of shear is sinistral in all images, as illustrated in a)
and b). Mormal stress was B.5 MPa in all experiments. The total accumulated displacement increases fram top to bottom: a) and b) 001 m, ¢) 013 m, d) 0.2 m, €] and f) 0.43 m, g)
1.3 m, h] 15 m. Image in a) was taken from Smith et al (2015). White arrow in upper image in ¢) shows offset of the marker along an open R1-shear, and the red arrows in lower
image point at several shear bands. White areas in d) are due to sample preparation (Pb from polishing). Lower image in d) & a higher magnification of the high-strain zone. | For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this amicle.)

0.43 m

1.3-1.5m

Room-dry Gouge

-‘Ilf,‘.l pr;n- )

Fig_ 5. Continued

Water-dampened Gouge




= Quantitative strain analysis

14 of 18 SHIVA experiments kept a strain marker used to
add up strain distribution in gouge layer

Marker boundaries appear straight and are traceable
Angle of distortion (0-60°) leads to low strains (0-2 Mpa)

Finite strain solved by subtracting finite strain from low to
intermediate strain zones from bulk strain

Finite strain show little to no total displacement
dependence, & is similar in dry & wet samples

At short total displacements, high strain zone’s strain is
bigger in water-dampened tests than non-dry tests
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Flg. 6. Straln distribution in the gouge layer. Quanmtative strain dara as obtained from measurement of the angle of distortion of the sheared marker vs. the total equivalent
displacement of the respective sample. The strain was determined separately for a) the low-sirain zone, b) the intermed iate-strain zone and c) the high-strain zone.



Discussion

= PURPOSE: to investigate water’s effect on strain
localization process in calcite groups

= Progressive strain localization

No microstructural differences

Most slip is hosted in principal slip zone after localization
is met regardless of conditions suggesting the presence of
substantial strain & velocity gradient

Calcite gouge tests @ high velocity shows quicker
dynamic weakening w/water present

Gouges w/20% H,O (SHIVA) behaved in same way as
completely saturated gouges deformed w/stable pore
pressure (Phv)

Rapid weakening in wet conditions not caused by faster
localization

Emergence of dynamic weakening in calcite-bearing fault
zone relies on normal stress.



_ = Potential dynamic weakening mechanisms

= More efficient or different active weakening mechanism
for rapid weakening in wet conditions

= Phv pore pressure is not elevated, has little effect on
D | SC u S S I O n mechanical behavior, based on results from SHIVA & Phv

= High efficiency stress corrosion in wet conditions due to
3x less fracture surface energy for calcite in water

= Lower steady-state shear stress & higher levels of
weakening under dry conditions




= Implications for natural faults

= [f critical shear stress due to tectonic loading is met,
frictional sliding will occur & potential for dynamic
weakening of a fault increases

D I SC U SS I O ﬂ = Gouge-bearing faults in carbonates become vulnerable
to rapid dynamic weakening in water at shallow depths

= Results say dynamic weakening will come sooner in slip
zone water




_ = Difference in mechanical behavior for wet & dry
gouges @ 1 m/s

= Dry gouges show extended strengthening phase prior to
dynamic weakening

= Wet gouges dynamically weaken instantaneously to a

CO n Cl u S | O n slightly larger steady-state shear stress

= High strain slipping zone & slip surface set up most of
displacement

= Amount of strain & velocity gradient found in gouge’s
thin layer
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