Frictional behavior of simulated anhydrite fault gouge X0
and the effects of temperature and supercritical CO, -
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pore fluid inlets

In many climate mitigation plans storing anthropogenic CO, in the Earth's Direct shear experiments are conducted on simulated oad cell Obse rvations Im pl icatiOnS
subsurface forms a considerable part of the targeted reduction in CO, emissions. Possible » anhydrite fault gouge using two different triaxial machines
geological storage sites include aquifers, unmineable coal seams and depleted hydrocarbon which both use oil as a confining medium.
reservoirs. The latter form desirable storage sites because of their well-known geology, the T furnace DRY
. . . . — top piston
existing infrastructure and their large storage potential. In the Netherlands many gas ] i _ direct shear blocks with Increasing temperature leads increasing T increases risk for unstable behavior/
reservoirs are capped by Zechstein anhydrite. Material: _ _ Poe Lloeve teflon tape to a negative (a-b) increased risk for microseismicity
- Zechstein anhydrite from Hardenberg well, Groningen, and EPDM jacket

Testing the frictional properties of fault_s within and adjacent to potential reservoirs is the Net_her_lands | o main pressure vessel T =135°C & T =150°C: confirms negative (a-b) / unstable sliding
necessary to ensure safe storage and to avoid leakage of CO2. Leakage could be caused by - Material is crushed and sieved at a grain size <50um filler block stick-slip if v<5 um/s
reactivation-induced permeability changes. It is needed to determine the conditions under - Dry experiments: gouge layer is dried at T~110°C in
\Igvhlch resel_‘v0|_r—bound|ng faults might be reactivated, and if this would have the potential to | vacuum furnace overnight before sample assembly T = 135°C & T =150°C: If this is a material property, the measured friction

B croselsmic. ] L. continuous € weakening coefficient is an upper limit when comparing to nature

L : : 1. How frictionally strong are Experimental conditions:
Our aim is to determine both the influence tII P y g | - dry, P = o = 25 MPa Joke/piston assembly —
of temperature and of supercritical CO, on € Taults: o b & : : "
the friI::tionaI strength aI|)1d stability (zi.e. / 2. If the fault _IS reactiv_ated,_ _ H P v=ve1t.5 sl\ilart):rated & pressurized with DI water, o= 25 MPa, |I[h Increasipg temperature leads increasing T leads to stable sliding: diminishing likelihood
microseismic potential) of anhydrite filled could the motion be microseismic? —fdry CO.: pressurized with CO., o' = 25 MPa, P._= 15 MPa to a positive (a-b) for earthquakes
fault zones. To this end we have conducted | 2", - 2! ey 02 : B~ load transmitting yoke
| - wet CO,: saturated with DI water and press ed with gy e : , : : :

direct shear experiments on simulated fault ¢ ? o C(ISV P M;‘; A V=V'15 MPIe/aV r pressurized wi e randucer (4 with increasing € (a-b) becomes | High strain fault zones with well-developed fabric may
gouge in two different triaxial testing machines. % 2! 'coz aux. pressure vessel positive have positive (a-b)
Experiments are conducted at constant normal 2 Temberature ranae: _ . . : .
stress and, in those cases in which a pore fluid Fault containing V Q 800Cp— 1000C - 12090C - 1350C - 1500 Continuous € weakening for all T | If this is a material property, the measured friction
was present, constant pore fluid pressure. (anhydrite) fault gouge | | coefficient is an upper limit when comparing to nature
Experiments were conducted dry, and under caprock /
water-wet, dry CO, and wet CO, conditions at CO, DRY CO,

T =80°C :(a-b) >0 Dry anhydrite fault gouge pressurized with CO, only shows
T =120°C: (a-b) <O velocity weakening behavior at intermediate temperatures
T = 150°C : (a-b) mostly > 0

former hydrocarbon
reservoir

temperatures ranging from 80 to 150°C.
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T = 120°C: stick slip behavior at | confirms negative (a-b) at intermediate temperature

0.7

S , | Fig. 1 Frictional properties as a a) DRY ANHYDRITE FAULT GOUGE ——80°C low v; at high ¢ also at medium v
c u=p, +a In(V/V,) + b In(V,6/D) function of temperature for dry  9-6°of "'ﬂII’I’I’II‘IIII-I-”-""I'II',‘...|-,-.-.-~--" — e e 1| toore
5 anhydrite fault gouge. a) friction 0.6 L —— - :Egg | WET CO,
= i coefficient vs shear displacement _ | stick-slip I" 1l 150°C E (a-b) >0 atall T for o, . = 25 MPa the presence of CO, in wet anhydrite
g a;_s“ea:“‘a‘e [mm]. Friction coefficient between ' / (microseismicity) 3 — I fault gouge decrease the potential for microseismicity,
& e reaess e 0.55-0.65. Note how the increase = 0.5- b) | i independent of T
i : : - 0.010 4
o in temperature leads to stick-slip 0.45 i
o . _ ' i v-steps [um/s] !‘ Overa":
“ o o (e e ot | W B |
Displacement Increasing temperature leads to a ~ 0.351 || AR IR R N | : : : - S : 1
negative (a-b) value, indicating o5l | e O A O A || I e é - Without CO, there is some potential for microseismicity. This potential increases
Rate and state friction. In order to generate increasing potential for "0 1 2 o3 4 5 6 \‘10-1">1-1 0.010 1 - when there is no water present and with increasing temperature. However, the
earthquakes two conditions must be met: the material microseismicity shear displacement [mm] 112021 -0.015 [°c] presence of water and CO, decrease the potential for microseismicity; independent of
should exhibit velocity weakening behavior and the | temperature.
zlt‘II;II::IaeISSSfc)iI;lelgissysﬁ[ienIIs S:ﬁgIdﬁESet Ieczsné?t?:natﬁzrttaliz Fig. 2 Frictional properties as a °”’ ——e - Frictional strength is independent of temperature for dry experiments. Wet
investigated in oIIr current set of experiments function of temperature for gouge 0.65f = |——100°C anhydrite fault gouge becomes slightly stronger with temperature. Gouges with CO,
' pressurized with DI water a) ggl | :Egzg | become slightly weaker, though this is most pronounced under wet + CO, conditions.
A material is velocity weakening if after an up step I;Ir.'Ct'Ion cotefﬂaent Vs - §I::¢ar 0.55F , -
in velocity the steady state friction coefficient is lower cI)SeI:If?éIZ?teQetwee[rqu:I5.5-O 6;'C_|Iﬁ2 =. 0.5l b) 0015 - Further research
than be_fore the velocity step, i.e. when t_he rate and friction coefficient in.creas.es .with s asl 0010 - ) A | | |
\S/tate friction Paramet?r (a-ti) < 0. (see frggure at;ovﬁ) ncreasing temperature b) (a-b) | v-steps [um/s] | . - Investigate microstructures where possible
ice versa, a material is velocity strengthening if the ) 0.4- | | ¢53->021 . . .
steady state friction coefficient is higher after an up values ~as a  function  of 0021-->1.1 0000 ¥———4———# - Determine importance of strain weakening
: T : - temperature Decreasing  the 035 a 100 120 135 150
step in velocity, i.e. (a-b)>0. If there is long-term strain ‘ ‘ ' leads  t " e O A B A €] a1.1-->101  -0.005 1 - Determine the influence of normal stress
hardening (or weakening) during an experiment the errIIDperalure. d?a > 10 negfa Ve 03 I 5 3 4 c £ | A101->11 0,010 -
(a-b) value can still be derived by removing the (a-b) va ue’ n Icatm,g atr.ans er to shear displacement [mm] \l ®1.1-->0.21 -0.015 - [°c]
long-term trend, since the fraction of swdIn(V/V,) is Eé?]’IljéeeertISI‘gg behavior with rising
independent of slope.
Fig. 3 Frictional properties as a 5) DRY CO2 & ANHYDRITE FAULT GOUGE o 80C 6 - < :
function of temperature for gouge 07T 1 —120C = How strong are faults filled with anhydrite fault gouge?
tick-sli - o
pressurized with dry CO, a) friction ~ 0-65 - ?nlqﬁcrzslgismicity) i _iggg : _ : 2 : o 1
coefficient vs shear displacement 06l i Unde_r _the mvestlgaFed experimental conditions, anhydrite has a friction
0.7 - . [mm]. Friction coefficient between L sl 0.015 - S coefficient of approximately 0.6.
_ +807C 0.52-0.67. Note the sticks-slip i ™ .
g 0.65 - ©100°C events at intermediate T b) (a-b) | L | cteps tumys] | It is sensitive to temperature when pore fluid is present, and it also depends
~ --120°C values as a function of  0.45F 5.3--50.21 2 0'000 b . on the type of pore fluid (water/CO,/water + CO,).
) 0.6 - 3¢135°C tempe_rature. N_egatlve (a-b) values 0.4 o0.21-->1.1 @ %000 X 130 e 100
® #150°C for intermediate temperatures . | ¢ O A |, = A {if]at.1->101  -0.005 In general variations are within 0.60+0.05. Wet anhydrite is slightly weaker than dry
= 0.55 - concur with the unstable sliding 0 1 2 J 4 > | 4101->11 0,010 anhydrite. The strength of dry anhydrite is not influenced by temperature, whereas wet
= shear displacement [mm] VA g Y o y p :
Nm11->021 g5 [°C] anhydrite becomes slightly stronger at high temperatures. At 80°C the presence of CO, does
0.5 | | | | M not effect the strength, but with increasing temperature both wet and dry gouge become
: . . ¢ %
DRY WET DRY WET Fig. 4 Frictional properties as a . .:, weaker when pressurized with CO,, with u~0.55 for both at 150°C.
CO2 CO2 function of temperature for . L5 : y :
water-wet gouge pressurized with " o A If the fault is reactivated, could the motion be
CO, a) friction coefficient vs shear - | apeve- S 11— 1500 : : =
, f displacement  [mm].  Friction o¢s55- 4 i N i microseismic:
Fig. 5 Friction coefficient at a fixed shear coefficient between 0.47-0.57. = ” b 0.015 R
displacement of 1.2 mm at all temperatures vs. the (Peak) friction decreases with 0-5r /] failed jacket () 0.010 Our data indicate that
different conditions. Strength does n(_)t vary much for increasing temperature b) (a-b) 0.45- | -steps [um/s] g oo
the dry samples. For the wet experiments strength values as a function of 0.4 || s3>0 4 0 : Y NO, microseismicity will not occur in wet gouge with or without CO, in the
increases with T, whereas in the presence of CO, temperature. (a-b) values are . | 90.21->1.1 8 100 120 135 150 investigated temperature range, except possibly in wet gouge at 80°C
there is a slight decrease. positive over the investigated | e O A ] A €| a1.1-->10.1 -0.005
I I I I | I
temperature range %% 1 2 3 4 5 6 | ‘10>t 0010 YES, there is a potential for microseismicity in dry gouge with and without

shear displacement [mm] Nooti021 g [°C] CO, at temperatures of 135 and 150°C.




