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- Conclusions/Implications
Summary Question: Approach: An inegrated field, laboratory & theoretical approach /lmp

Problem: How can a field-based Structural Geology ap- (from Pollard & Fletcher, 2005): (1) Pseudotachylyte injection veins show systematic

In situ mechanical properties (elastic moduli, fracture proach be used to differentiate between labo- [ ) length to thickness ratios which vary differently accord-

toughness, permeability, etc.) of fault zone rocks can vary ratory and in situ properties? (1) Identify natural (3) Idealize problem (4) Set up and solve (5) Us.e solution to estimate ing to rock type

markedly from properties measured in the laboratory . (2) Map structures (Infer kinematics, boundary hanical bl physical property & com- (2) This systematic relationship reflects the in situ coseis-
, , , , experiment 1€ / mechanical problem to field ¢ i

due to scale, healing, and alteration during exhumation. conditions, rheology) pare 10 fieid measurements mic stiffness of the fault rocks

/ (3) In situ coseismic Young’s Modulus of fault rocks is
0.5-2 orders of magnitude less than laboratory mea-
surements, likely due to damage

effective tool for scaling laboratory rock mechanical
investigations to seismogenic depths
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(4) In situ fracture toughness of fault rocks appears to
o ° o ¥ 2 0 F T h be consistent with lab values (but this is rough)
Experiment 1: Elastic Moduli Experiment 2: Fracture Toughness ?
. (5) An integrated field-based Structural Geology ap-
Backg round: . Conce ptual Model: Mechanical Model: BaCkg round/Obs./Model Irwin (1958) showed that the energy release rate associ- proach to studying rock mechanical properties is an
-. - “ - . R .3 'fz‘ S AR ~ I N . . .
On crustal scale faults : B N W A) Model Geometry sity factor equals the fracture toughness: the mode | stress intensity factor as:
Stiﬁness Of ‘ ;_.5;.4 % damage can reSUIt in . s f : : = LUl 77 - — - ‘ Model Idealization B/:undaryilemersmt Rgf)resentation K] — K]C (1) G :7T I_U K2 (3)
damaged : RS- = = stiffness reductions of o B ; T~ Remote Stress State:) emote “ress tate - I~ 2u 1
rocks, repre- ~40% over large fault- G2 N A en Sara R 5, ,H,,,,,m, 7 The nr.\ode.l | stress inten§ity facFor fc?r aocrack of half-length a embedded Where the energy release rate G is the energy expended
sented here | . normal distances (> 1 s & % o . o | U I I - | o in an infinite linear elastic medium is given by per unit length of crack extension and i twice the surface
25 damaged ®Sas - km) throughout the K]: AJI\/E:[J§X—J)CCXJ\/E (2) energy, v: G:2y:GIC
Young’s o = seismiccycle (1 kyor . e R G SR W 47 T R
7 AR el G e oavn BN i F o e S e § R 8100 Ll A L where Ac is the driving stress given by the difference between the L N
Modulus Egis 2SS e more) (Cochran et al, LB TSN ol I Y et O e 0 | remote normal stress a%tin ongthe Crayck(G and the pressure (G ) Grunder in-situ conditions is
clearlyless = SECCEEAE =gy = Geology, 200@- Stiff- s e R s S s e e DiToro, Nielsen, and Pennaccioni, Nature » W Acting directly on the crackgfaces -nd the stxrxessinten sif has U nitsX)c(>f critical becuase they are directly
than intact Y ness constralns.the . BBl CaEe s e (2005) showed that vein orientations and dis- i VP3 2\1 P Lagora tor measurem’en t< of tvoically ran eybetween 0.6 and related to the stress levels asso-
rocks E; | e amount of elastic strain e R e tribution can be explaned by the near-tip X prlpasen [SSESo N o S for ra:/mi toid rocks ( ypically farg ' ciated with tensile failure in the
;- energy.that can be et S OSBRI stress field of a mode Il shear rupture o eritire G R — \_ s crust, the mechanics of hydrau-
stor.ed in the rpcks . ¥l : > (earthquake) propagating near the shear wave '- | - . ) > .. lic fracture, the velocity of crack ,
, du;'”gl teCtZ”O'IC Igadlng o RTa e S ETERe ENEEE  speed (C) for tonalite 8) Loading C ding Path AL AT 17 e N T an SR TN k propagation, and the energy (Atkinson, 1987)
ST p— and released during an S R e T ESRT SIS N e TN . . . oadin ases: _0adIng ratn: & e R DRdesacs™ A T S el o aih S budaet of fracturin
Questions; fault changes in stiff- T (i) Transiently (i) Transiently Perturbed- 9 < ;« $ § ’ ;‘ @ Tl ‘ | | | May yleld non-unique solutions
(1) How large is stiffness ness canresultinsignifi- _ 4o B 4 Y 1) Pre-existing frac- Perturbed-Uniaxial Bi-Axial ¢ AT AU s B W - Y g L ¥ , Irwin (1958) used the asymptotic near tip stress field
g cant stress rotation e LV o tures G —ompa Ol o' —sompa Ol a.round a crack of half-length g, and as.sumed that the Other Applications
° ° h r _ — r - °
reduction close to seismic (Faulkner et al., 2006) ggxf%nmp §¥Xifﬁ ,:\AA: J%oxx size c?fthe process zone of a propagating Frack IS gle Properties/Parameters:
fault 2) Asymmetric damage . ° » - e ATSR Ty T N B ey termined by the distance from the crack tip at which -Permeability (e.g. Mitchell et al., EPSL, in press)
. So Iuti on: SISO (tensile cracks) formed | —Q—Ckﬂjf%' | :;. :.,-; g ?% Y% g e A the maxmum nqrmaﬂ stress exceeo.ls the yield strgss, _Fault Friction (e.g., Niemeijer et al., JSG, 2012)
(2) How much softenmg NRREE s R I it S at passing shear rupture | ’“’3?‘,:; s Y B T of the material, yielding an expression for the radius -Healing Rate
takes place at Seigmogein ic 5 tUdy Ps €UdOtGChy - Bt (@ Tonalie - | ' ; ; ' PR D NACER G YRR | e o QO RS of the process zone, rp: -Rupture Velocity (Di Toro et al., Nature, 2005; Griffith et al., Geology, 2009)
lyte In jECtiO n Veins oo S LRSS — L | 3) Frlct!on rn_eltmg gen- For each model iteration: Load Step (k) 10 Sm . 9 i ol SRR -Fluid Pressure (e.g., Rowe et al., EPSL, in press)
depths? Lenath (mm? ~ TISITTTTITINL erated in sliding zone : , , | TR, A -Heat Flow (e.g., Polissar et al., EPSL, 2011)
ength (mm) Given Indep.Variables Dep.Variable _Stress
from stiffness ::‘TW‘-W ploits tensile cracks (2) Traction BCs (2) W, friction coeff (max opening) AR e sl s SRR TN Y - e ) sl fa to bethe difference be- Processses:
te? (3) o, varied in 2 Cases (above) L SRS B AN N 8y tween the uniaxial ten- -Dynamic vs. Static Properties & Processes
measurements: sile strength, oy, of the .
U vl el s ik N ey MM PN \ AL A e % -Hydraulic Fracture
ReSU ItS' P ¥ ' ) & 78 &' normal stress acting
) Transiently Perturbed- Transiently Perturbed - i &) o Ay L N = N L Ut VLl | e perpendicular to the
Uniaxial |5 Bi-Axial ¢ R | A e, WG " l e, TGl OS2 @ crack, this expression
Transientl Perturbed ) G{/XZOMPa g)rr(X:_Sz()O,\,/\‘AP:a %F Atkinson, B.K., 1987, Fracture Mechanics of Rock. London: Academic Press.
(Key ) .y . Gyy =111 MPa G¥X:1” MP , v - S e el .t e 8 e LA Ll . A ~
Single Bi-Axial - vy a : ? | g v e - e B v | o - RO , B rp~

A condition for the onset of crack propagation is when the stress inten-  ated with mode | crack extension can be directly related to
Understanding Ki, Gi, K1, & crgz;:“;”;gwh
|0 Cataclasite N
(3) How to eliminate healin - , Ll s NG ,, LN e AN S | |
g 4) Pressurized melt ex- (1) Ayein, vein length (1) E, Young's Modulus W, vein width by o g £ T I : g - Ve Taking the yield stress
material and the
r
Oxx = 0 MPa becomes: Refe rences
Uniaxial 5 o —ot (5) Fracture Mechanics of Rock. London: Academic Press, 477-525.
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o1 RL ] . : _ _ < 8 - from the |nJeCt|0n vein . ; ; ; ; ; ; ; ; rate In (3) and that as a frac- % - msiqn ereq?l Irwin, G.R., 1958, Fracture. In S. Flugge, ed., Encyclopedia of Physics. Berlin: Springer-Verlag, 551-90.
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Strain EXperi ment 1 we have 2 . fU nCtion Of the su rface area EEREES : using an integrated field and laboratory approach, Journal of Structural Geology, 39, 2-36.

Polissar, P. J., H. M. Savage, & E. Brodsky. 2011. Extractable organic material in fault zones as a tool to investigate frictional

Oxx¢ =P =111 MPa, a rea- . S S S SRR 2% DUPS SO of the main crack plane, but . i i i stress, Earth and Planetary Science Letters.

sonable guess for tensile also all of the microcrack sur- Pollard, D.D. and R.C. Fletcher, 2005, Fundamentals of Structural Geology, Cambridge University Press.

C_atEC'g(S)ité Strength iS o= 1 OM Pa, : 5 faceS being Created in the Young s Modulus (GPa) Rowe, C.D., J.D. Kirkpatrick, and E. Brodsky, in press, Off-fault injections record paleo-earthquakes, Earth and Planetary Science

= pa . 0 ; " i ] ] . . . . . p .
0=0.22 S and the only unknown is 0 5 10 15 20 25 30 process zone, i.e.: Using a Poisson’s ratio v=0.25 and
E=45 Gpa

s ¢ Oyl o, — o} (MPa) G, =2y*microcracks (6) using a rough estimate of the sur- AC kn OWI ed gements
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x10 ong oo : o0 105 0 05 gttt e ) B 32 Tonali . _ — Therefore using (5), one can plot a range of driving stresses or (for
i . - i - i t o 5 « 1 Cg?jglfsite . . . . .
Opening (m) Slip (m) Along-Fault Distance (m) Opening (m) Slip () Along-Fault Distance (m) 0 0 0 30 g CZ?aac:aiite & . o4 g P 9 9 Rearranging (3)yields: J/m2), one can relate the fracture OISE-0754258 to Griffith and by the European Research Council Starting Grant

Injection vein opening (1) Mechanical interaction with frictional contact/slip E. (GPa) M;OZSt - the case of a pressurized crack) fluid overpressures. Note that to toughness to the effective £ for the asems project o Dt Toro.Assstance i fld work was provided by Anche
. on veinor . . . get 2 value of close to the value observed in the ﬁeld, the over- ht/usems-project) to Di Toro. Assistance in field work was provided by Andrea
Is en y: (2) Zero (or tensile) fault-normal stress

pressure needs to be very small (see the gray shaded area, above) BISta.CChI, Silvia Mltte.mpe.r.gher, Steven Smlth, Bob H(?Idsworth, Jean-Pierre
Gratier, and Andre Niemeijer. Improvements in Experiment 1 were made

thanks to reviews by Allan Rubin and an anonymous reviewer.

K. = same injection vein using (7).




