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Abstract

Leakage of C@out of the designated storage region via faults w&dely recognized concern for geologic carbon
sequestration. The probability of such leakagelmseparated into the probability of a plume entaring a fault
and the probability of flow along such a fault.the absence of deterministic fault location infotiow, the first
probability can be calculated from regional fawdpplation statistics and modelling of the plumepghand size. In
this study, fault statistical parameters were mesbor estimated for WESTCARB'’s Phase Il pilott tegection in
the San Joaquin Valley, California. Combining Q8ume model predictions with estimated fault chseestics
resulted in a 3% probability that the €@lume will encounter a fault fully offsetting tH80 m (590 ft) thick seal.
The probability of leakage is lower, likely muchaler, as faults with this offset are probably low+peability
features in this area.

Keywords: geologic carbon sequestation, fault leakage f&aKt encounter probability

1. Introduction

The potential for leakage of GQ@ia fault zones is an area of considerable uniceytéor geological storage of
CGO, [1]. The probability of leakage can be separatgd the probability of C®encountering a fault and the
probability of flow out of the storage region vizat fault. Fault zone properties vary considerabiyhh some fault
zones forming recognized conduits for fluid flove, @mmonly evidenced by springs co-located witlit faones,
and others forming barriers to fluid flow, as evided by many hydrocarbon reservoirs created in lpadealing
faults. There is currently little consensus regagda methodology for characterizing fault zone prtips in the
deep subsurface with respect to their potentid¢alsage pathways. In contrast, research regardig ffopulation
statistics has reached a moderate level of consenghile there are certainly further interestingesfions and
unsettled issues in this field, it is sufficientiyature to be constructively applied to risk assesgnnvolving
potential fault zone leakage of g@om prospective storage reservoirs. In this stwey present a method for using
fault population statistics to estimate the proligbof a CO, plume encountering a fault, and apply this mettood
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WESTCARB'’s Phase Il pilot test injection at thenkberlina power plant in the southern San Joaquitkey,a
California.

2. Plume-fault encounter probability
A method for calculating the probability of a plureacountering one fault (an evegjt given information on

fault density can be derived from point countingtistics. This is represented in Figure 1 whichvehd 00
randomly located plumes, which are representedrbles, and a single randomly located fault of dize

Figure 1. Diagram of 100 randomly located, circydimes and a randomly located fault. Any plumengetically centered within the shaded
area will encounter the fault.

Figure 1 indicates that in general the probabditg is given by
Pr@) = A /A @)

whereA, is the total area being considered. This appr@asiumes that the fault or faults cross the ent&a af
interest, and that each plume only encounters aul. fThe first condition is equivalent to assumthgt faults are
large relative td\,, and the second condition is equivalent to assgnfia spacing between faults is large relative to
the plume diameter. As the spacing between largéisfas generally greater than between small faulisse
assumptions are qualitatively in agreement.

With these assumptions, if a plume is centerediwighdistance equal to the plume radiyspf a fault,g will
occur. Given that the fault has two sides

A, =2rL )

wherelL is the length of fault in the study area (showrFagure 1)L can also be written as the areal fault dersity
timesA,:

L=FA, (3).
Substituting Equation 3 into 2, 2 into 1, and cédinggterms gives
Pr(g) = 2rF (4).

The value of must be measured from fault maps, and the valuecah be approximated by numerical simulation.
If the plume margin is some shape other than arcihen Equation 4 can be generalized to any plsina@e by
substituting half the plume dimension perpendictdahe faults:

Pr(g) = 2sF (5).
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The value ofs can be measured directly from plots of the areapsvby mobile C@ as modeled by numerical
simulation.

3. Fault density

Field studies, physical modeling, and numericaluations [2, 3, 4] have indicated that the reladiup between
the density of faults greater than a certain digegth or displacement) versus that size is oftewagy law. starts
exponential at low strains, rapidly transitionsptmwer law as strain increases, stays power lawras sncreases
further, becomes exponential again at high stramtsfinally becomes “characteristic” at very higlags with one
or few faults dominating as shown on Figure 2 [4,Fgure 2 shows that the slope of the fault digndistribution
increases with increasing strain. The negativénigfglope isCy, which consequently declines with increasing strai
At initiation of strain, many small faults develamd saCy is large. As strain continues, some of the fagiltav and
eventually link, while few new small faults deveJagm C4 decreases. At very high strains, further develagnoé
one fault tends to dominate, and the fault popatavolves toward a “characteristic” fault popudati akin to a
characteristic earthquake population.

The power law formulation of fault density is

Focd (6),
whered is the displacement cutoff (the size above whitHaalts are included to calculate a particulansigy).
Taking the log of Equation 6 gives

logF « -C, logd ).
For power-law fault populations, substituting Egoaté into Equation 5 with the addition of a proamality
constanB gives

Pr(g) = 2sBd ®).

fault populations evalve in this direction with increasing strain

¥

log F (areal fault density)

Characmrs"-t

log d (displacement cutoff)

Figure 2. Typical evolution of fault populations Bi.
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4. Case study: WESTCARB's Kimberlina Phase Il Pilot Test

WESTCARB'’s phase Il pilot test will consist of tlgection of 250,000 metric tonnes (275,500 tgms) year
of CO, for four years at Clean Energy System’'s Kimberlp@awver plant located northwest of Bakersfield in
California’s San Joaquin Valley. The ¢@ill be injected into the Vedder Formation at tieof approximately
2,200 meters (7,200 feet). The lower Miocene Veddmmation consists of interlayered marine sandstcand
shales averaging 160 m (520 ft) in total thickriesthe vicinity of the site. The sandstones gemg@mprise 50%
of the formation thickness.

The Vedder Formation is overlain by the lower Mioed-reeman-Jewett Formation. This 180 m (590 ftkth
unit is a marine shale and siltstone with thin sémde beds. It is regionally extensive and is belieto provide a
continuous seal over the Vedder Formation.

4.1. CO, plume simulation

The injection was numerically simulated using ti&2 equation of state package of TOUGH2 [6, 7]sTdude
incorporates hysteretic formulation for capillamggsure and relative permeability [8], allows falt grecipitation
and dissolution, but does not account for fluidkrahemical reactions. While the code can accountnfn-
isothermal conditions, for computational efficierdyring this study a constant reservoir temperatta®e imposed.

Figure 3 shows a plan view of the simulated thrieeedsional plume. Note that injection into eachdsaone in
the Vedder was simulated, which results in a stdgkumes. The area shown is only for the upperrsastistone.
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Figure 3. Extent of numerically simulated supeizaitphase C@from the Kimberlina injection. North is up. (Sinatibn result courtesy of
Christine Doughty, LBNL, via personal communicatjon



4.2. Fault density

The position and displacements of faults in theiniig of the Kimberlina site are not currently aladile.
However, there are numerous oil and gas fieldsime25 km (15 mi) radius of the site. The positidrthese fields
relative to the Kimberlina site is shown on Figdre
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Figure 4. Oil and gas fields in the vicinity of tkemberlina site (located at the star). North is [9)

Structure maps are available for each of the eiti shown in Figure 4 [9]. Map area, and faulgtes, throws, and
orientations were measured from these maps. Widlertaps are variously based on different horizanalysis of
the resulting data indicates that the fault densityelatively constant across the stratigraphitise covered by
these maps, which includes the Vedder. Analysigaids the fault density is somewhat higher tortbegheast of
the Kimberlina site than to the southwest, positigrthe site at a location of likely average falénsity for the data
set. Fault orientations show a shift from a bimddalt orientation at greater distance from the Kémlina site, to a
monomodal, almost north-south orientation closahéosite.

Using the measured areas, and fault lengths awngvéhrog-log plots were constructed of fault dgnsiersus
throw truncation (Figure 5). Throw truncation i®tlogical equivalent to displacement cutoff forothr (vertical
offset). As most of the faults in the vicinity ofildberlina are subvertical, using throw truncatioistead of
displacement cutoff does not introduce significambr. While it is tempting to see the fault depslistribution as
exponential given the good fit to the data, we ribta low displacement faults are always underregodue to the
fault mapping resolution limit [9]. As a resultetlactual fault population is always larger thanrfeasured data at
the low end of the range. The exponential fit, asdjas it is, actually underpredicts the fault dgrest low throw
truncations.

The throw truncation interval and range of valuged were varied to find the largest range thail¢de fit
linearly. This resulted in a line that lies abotie tata at low throw cutoff, in accord with the miag resolution
effect. The point of departure of the linear fivrin the fault-density data is at a throw cutoff ppeoximately 65 ft
(20 m). This is reasonable as it is slightly lowlan the most common contour interval of 100 ft §30for the oil
and gas field structure maps. Consequently, tlealtifit appears more likely to represent the adat population
in the vicinity of the Kimberlina site, indicatintdpat the fault population follows a power-law distition. The
power law fit also yields higher fault density estites, which makes it more conservative than tiperential fit
for estimating leakage risk.
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Figure 5. Fault density versus throw truncationalb)ata with exponential fit and selected datthvinear fit, and b) selected raw data (open
squares) with linear fit (lighter weight line) aselected data corrected for the “finite-range ¢ffg8] with linear fit (heavier weight line).

The linear fit also over predicts the fault densityhigh throw truncations relative to the datacading to Figure
5a. This occurs due to the probability of under gizmg of large faults in a given finite mapping aré his typically
results in greater downscaling in the throw truimcatange than in the fault density range. Thisseauthe data to
shift down at the highest throw truncations, thecalbed “finite-range effect” [10]. Pickering et.dlL0] presents a
correction for this effect. The suggested correctieas implemented by including the fault densitytta two
highest throw truncations in the data set forrfgti adding a constant to each fault density indam set, and
calculating a new linear fit. The constant wase@intil the square of the correlation coefficieals maximized. A
constant of 0.04 mi./nfi(0.025 km/krf) provided the best fit. The corrected data anerét shown on Figure 5b.
The C4 resulting from this correction is 1.16.

A comparison ofCy values on Figure 5b provides additional support tking 1.16 as more accurately
representing the fault population. TBgof 1.43 from the raw data is larger than valugscaily reported from field
studies, which range from 0.5 to 1.0 [5]. Such laeavould indicate that the fault network in therifierlina area is
relatively undeveloped. Additionally, the faultstime vicinity of Kimberlina appear to be primariyowth faults,
and so perhaps a lower total strain is reasonddle Conversely, most of the mapped faults intdre#iver faults,
suggesting at least moderate development of therfatwork. This would tend to support the contentthat aCy
of 1.43 is too large. The correct€d of 1.16 shown is more commensurate with the replorange and the observed
degree of fault network development. Further, aatiored, lower values dE, correlate with a higher density of
large offset faults relative to low offset faulfss large offset faults are generally believed tabenore concern for
leakage, the lower estimate @f is also more conservative with regard to estingaliakage risk.

4.3. Fault encounter probability

As shown in Figure 3, the plume at Kimberlina isicipated to have an elliptical footprint. Approxatng the
plume as elliptical, the value af the fault-perpendicular plume dimension, can beved from the plume area,
eccentricity and the acute angle between its seajpinaxis and the fault orientation of interesteThodeled plume
area at Kimberlina, as measured from Figure 3,88 @nf (0.32 mf). The aspect ratio of the Kimberlina plume
from Figure 3 is 1.32. The direction of the plumésas 60° (updip). The dominant fault strike né&imberlina,
based on the fault orientation analysis, is 17@nggquently, the acute angle between the semi-rpajare axis
and the faults is 70°. These values resuitégqual to 0.72 km (0.45 mi.).



7

As a first approximation, the main concern for legd is for faults with throws that fully offset tlsealing
formations over the target reservoir. The sealiognktion over the storage target in the Vedder anagrtical
thickness of approximately 180 m (590 ft). The eoted fault density equation on Figure 5b indictitesaverage
fault densityF, at this throw truncation is 0.028 km/kif®.046 mi./mi). This is a low density, so the condition that
the fault-perpendicular plume dimension is much llEnghan the spacing between faults is sufficiemtlet to use
the probability estimation of Equation 5. Subsiitgtthe computed ands into this equation gives a probability of
the numerically-simulated Kimberlina plume encouinig a fully seal-offsetting fault of 3.3%.

It is important to note that the numerical model dot incorporate the effect of the fault zoneghlmnbulk phase
CO, flow, which may in fact control plume shape andediion. As indicated by the corrected power-law
distribution in Figure 5b, the density of smalleffset faults is probably quite high. For instaneg,a throw
truncation of 3 m (10 ft), the density is approxietg 3 km/knf (5 mi./mi?). Despite their small offset, the
permeability in these fault zones will likely coast with that of the host rock. Given their highsigy, it is likely
the plume will encounter these small faults andleflected somewhat to the north. These faultsiketylto cause
greater elongation of the plume compared to the emigal model results, which were based on isotropic
permeability along bedding. A plume aspect ratibwaf and an acute angle between the plume axishenfhults of
35° is perhaps more typical due to faulting-induedsotropy. With these values, the probabilitytloed plume
encountering a fully seal-offsetting fault is 2.@#culated using the approach here.

The plume aspect ratio and the angle between thmeplxis and the faults can be treated as variabldse
probability estimation method. This affords an ustnding of the sensitivity of the probability iesdte to
variation in these parameters. Figure 6 shows tbbgbility that the Kimberlina plume will encounterfully seal-
offsetting fault across a wide range of plume asp®s and the full range of plume axis to faulgles.
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Figure 6. Probability that the Kimberlina plume lv@hcounter a fault fully-offsetting the seal.

The probability of leakage through a fault thatyfdffsets the seal is considerably less than théability of the
plume encountering such a fault. For instance espalige ratio (SGR) theory suggests that any oirat fault past
which more than 20% of the rock that has slid sleshwill tend to have near-shale, rather than nesefvoir-rock
permeabilities [12]. By this theory, a fault thaisj fully offsets a seal consisting of 100% shald have a
minimum SGR of 50% and therefore have low permégbil



5. Conclusions

The goal of the methodology presented in this papeio estimate the probability that a £@lume will
encounter a fault when site-specific data sufficterallow a deterministic analysis are lackingt fome data from
the general area are available. This probabilithésfirst step in estimating the probability ohkage via a fault. As
this method is most appropriate before site-spedifita are available, its primary applicabilityfas site screening
and early risk assessment. For instance, at soospgxtive sites, the probability of a plume encering a fault
will be so low as to not warrant the more compkchimeasurement and/or estimation of fault zonegtgs. The
approach in this paper can provide quantitativermftion upon which to base such a decision.

This stated, fault population statistics indicatattfault density approaches infinity as the disptaent cutoff
approachesero. In practice, most fault population researsHesive found, or believe based upon theoretical
considerations, that the relationship is accuraterdto displacements equivalent to several graameters for
clastic rocks [3]. Even this implies fault denditycomes very large at the actual lower limit opisement cutoff.
This suggests a high probability that a given,@@me will encounter a fault of some size. Of @ayrmost such
faults will have such small displacements that they presumed not be of serious concern in terntesasbige, but
this remains to be fully proven.
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