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Abstract

We investigate the possibility that brine could displaced upward into potable water through webscause of the large
volumes of CQto be injected, the influence of the zone of eledgressure on potential conduits such as weéihmes could
extend many kilometers from the injection site—tartthan the COplume itself. The traditional approach to addmgstential
brine leakage related to fluid injection is to aatarea of fixed radius around the injection wehikz and to examine wells and
other potentially open pathways located in the ‘@Add-Review” (AoR). This suggests that the AoR reeterdbe defined in terms
of the potential for a given pressure perturbatmmirive upward fluid flow in any given system rattthan on some arbitrary
pressure rise. We present an analysis that foousebe changes in density/salinity of the fluidstlie potentially leaking
wellbore.

1. Introduction

The possibility of buoyancy-driven GQeakage from geologic carbon sequestration (G@83 $s well known and has
gathered a lot of attention in studies of long-tdate of CQ and risk assessment of GCS. Another hazard, commai
injection operations and which has not been as lwigeblicized in the context of GCS, is that of e#pread pressure
perturbation in the formation arising from the ttjen process. In general, the injection formag@eommodates the additional
mass forced into it primarily by (1) increasingiflypressure, (2) displacing the brine at the foromboundaries if open, and (3)
uplift of the land surface. In this paper, we foausthe first mechanism. The second issue is aseldeis Nicot [1] and Nicot et
al. [2]. Because of the large volumes of QBat need to be injected for industrial-scale GE8 of the associated possible
pressure overlap between projects, the influenadezone of elevated pressure during injectiopatential conduits such as
well boreholes and faults could extend many kil@retfrom the injection site—much farther than th@,®lume itself.
Formation brines could endanger water resourcpgshed upwards along those conduits. It shouldobedrthat large injection
operations are widespread in the oil and gas ingumit are generally less of a concern because ithefve re-injection of
produced waters, i.e., injectate replaces fluidsdproduced such as oil, gas and water.

U.S. environmental regulations call for protectiaguifers and subsurface water bodies (sometimdsdciinderground
Sources of Drinking Water —USDW) with a Total Dissgal Solids (TDS) of <10,000 mg/L from accidentatriision by higher
salinity water (TDS >10,000 mg/L). Under the cutrésnderground Injection Control program, the U.SviEonmental
Protection Agency (EPA) requires that the permglisant define a\rea of Review (AoR) in which all penetrations intersecting
the injection formation or its confining layer lentified and be determined to have been propéulyged and abandoned. The
AoR is either assigned a fixed radius of ¥ mile0(40) for Class Il enhanced recovery wells and 2snibr Class | hazardous
waste wells (could be larger in some states wittmacy, for example 4 km —2.5 miles— in Texas) anpated as the edge of the
pressure front, whichever is larger. Because iepp@Q volumes are likely to be large and because of anoy effects, the
elevated pressure footprint of @@jection projects may not have a radial symmainyg suggest that computer models should
be used to determine the edge of the AoR. Interfe®e between multiple injection projects also aaldhe complexity of
defining the shape of the AoR. EPA defined the eafgbe computed AoR as the set of points at whiehmaximum pressure at
any time is able to lift the formation water to these of the USDW. The recent EPA draft regulatmm#\oR for Class VI C®
injection wells also suggest it should be definigdilarly to Class | and Class Il wells since theg also driven by pressure. In
addition, the draft regulations explicitly statathhe pressure plume may not have an approximeddigl symmetry.

This short paper does not address all of the AgReis but makes a contribution by analyzing theetetw which density-
stratified water in a wellbore can be displaced auls by elevated pressure associated with GCSdawthg injection and after
injection. Its narrower objective is to understadine amount of additional pressure that can be isgstdy a borehole connecting
the saline water-bearing injection formation aresfr water aquifers before the former contamindtedatter. The focus is on
the edge of the elevated pressure area where peassvease can be balanced by changes in fluidityemhen the borehole is



partially invaded by saline water following the gsare pulse. Determination of such an admissiblkirman pressure could
help in defining the extent of the AoR.

2. Water Profilein a Wellbore

Formation TDS is generally described as increasiith depth as residence time, mixing with brinesd aeaction with
minerals occur. The statement is more strictly twheen the increase in depth is combined with mignatn the downdip
direction along one single formation. This is ttae along a vertical profile but with more variatgodepending on the presence
of faults, relative elevation of the recharge ad@le/sand nature of the layers, etc. Interveslme layers have generally a
higher salinity than the adjacent sand layers tieguin an actual irregular salinity profile as seen wireline logs. Several
basins, especially in the western U.S., show loWet at larger depths than usual because of the élighations of their
recharge zones, e.g., in the Sierra Nevada. Otaging such as the Gulf Coast basin, also showTIB8 at large depth,
particularly along depositional features such asiéll channels that happen to line up more or pesallel to the formation dip.
However, it does not follow from this observatidrat the TDS profile in a wellbore mimics that oé tburrounding pore space.
TDS conditions in a wellbore depend on the natdrthe fluids present, number of plugs, number afgrated intervals, the
detailed formation pressure profile along but alesif the well, the history of the wellbore, etc.
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Figure 1. (a) Water density variations with deptbhanstant salinity; geothermal gradient is 30°C/kertical lines represent possible water dengitfiles in a
borehole: case (1) constant density, density iserelaie to salinity increase is balanced by dedsityease due to temperature increase; case (2agicg
density: temperature increase cannot balance fealieity increase. (b) Schematics of the modejstiesn

In a system with alternating “shales” (mudstone®) &ands” (sandstones) only sands are contribdtings to the wellbore
producing a smoother salinity profile than in thersunding formations. The salinity variation cdren be assumed to vary
linearly with depth (vertical lines of Fig. 1a). tever, water density is not only a function of s@i but also a function of
temperature and pressure. For a given salinityuamtbr normal temperature and pressure conditioatervdensity decreases
with increasing depth (curved lines of Fig. 1a —Agsdata from Rodgers and Pitzer [3]) because whenmal expansion
coefficient has larger effect than water compraksilfor all water salinity values in this rangé ®mperature and pressure.

3. Wellbore Brine Migration

An increase in pressure in the injection formatiah lead to the migration of saline brine into thellbore at locatiorz, in
Fig. 1b. If the brine is denser than the borehhli fit displaces, depending on the pressure chamgeard displacement may
stop before reaching the bottom of the USDW. Algitouwvellbore and borehole geometry and status sptarge set of
conditions, bounding cases considered in this amalgonsist of (i) an open borehole that instardasly equilibrates in
response to the additional pressure without lettiregfluid equilibrate with its surroundings, aiigl &n open borehole in which a
slow pressure rise allows the wellbore fluid torthally equilibrate with its surroundings. In thiscsion, we calculate the extent



to which saline water flow will occur upwards aloag open borehole as a function of the TDS of thiel falready present
within the wellbore. We make the following genesiabumptions:

e The system is normally pressured, and only théstibange in pressure computed in this paper caugtainable without
endangering the USDW. If the injection formatiotédow hydrostatic pressure, then a much largeeage of pressure than
calculated in this paper could be sustained.

e There is no thief zone between the USDW and thextign formation. Minkoff et al. [4] and Chang &t[&] showed that
thief zones can attenuate significantly well boresgure and absorb a significant fraction of theen flux. In addition, the
saline brine must reach the bottom of the USDW tee$nistaining flow and contaminating the aquifbagrsof reaching i,
the system will simply attain a new equilibrium.

o Wellbore fluids are initially in thermal equilibmo with adjacent formation and thus show the saremnihl gradient.

o Formations are mostly flat; this assumption is ptalale when considering zone of elevated presdang atrike. It is less
appropriate along dip if the calculation in thddeling sections suggests a large AoR.

3.1. Maximum Pressure Increase before Sustained Flow Occurs

Assuming that the mud/cement plug does not proeidsarrier to flow and that there is a continuouthyay from the
injection formation to the base of USDW, we analymav much differential pressure is needed to swmdtaiv. Hydrostatic
pressureP(2) at depthz (vertical axis oriented downwards with= O at the water table,= z, at top of the injection formation,
andz = z at some intermediate depth at which brine can fiotvof the wellbore (Fig. 1b)) with variable depgs:

P(2) = [p(2)gdz )

An additional pressure at= z, will displace the resident fluid from the borehaled substitute the injection formation brine.
We assume that the injection brine moves up topghdef z = z (that is, some intermediate depth). We now arer@sted in the
relationship between the additional pressiiPeatz = z, and pressure resulting from the wellbore beirgdiwith brine fromg,
to z. The primary mechanism for the water column taabke to sustain an additional pressure results ffwarfact that a less
dense water is being replaced by a more dense.Wd&assume there is no change in borehole fluidposition forz < z:

(e ([ perce) @

whereg is the gravitational constant and where the indBxepresents water density profile after the presshange in the
injection formation has been imposed and the ind@xepresents initial equilibrated conditions beftine pressure change.
Under the reasonable assumption that water devaitgs linearly with depth, we can write, using signatz as the reference
densityp;:

p(2)=p, +&(z-7)

whereéis a linear coefficient. This formulation is aggalito the initial condition integral but is alsdiddor the other integral
if the need arises:

p(D)=p,,+ /1(2_ Z ) (3b)

(32)

where 4 is another linear coefficient necessarily difféarénom &£ The termp ; represents the density at degthwith the
second formulation, that is after the pressureeise has moved denser brine into the wellbore. Btggrals in Eq. 2 have the
same form of solution :

v
(7 (22 =[§z2+(p. —cszl)z}
The bounding case of an instantaneous pulse (rova the injection formation will not equilibrateitiv the borehole

surroundings) assumes a constant density, thaedfrine in the injection formation:
v
([ p@az) =p(2,-2) ©
AP

where py is the density of the brine invading from the atjen formation at temperature and pressure canditifrom the
injection formation (az = z,).
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If the change in pressure in the bounding caseqof(B is smaller than the value in Eq. (2), theebole fluids reach a new
equilibrium and the only fluid leaving the borehaled invading the USDW is the volume of water poegly in the well bore.
This volume is small and presumably will minimailigpact the aquifer as it will be quickly diluted).

If the pressure increase can be considered slowgtnior the fluid to equilibrate thermally with issirroundings then:
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Equation (9) states that the additional pressusettde balanced by the increase in density ofsmdter column in the well
bore. Not surprisingly, because of the assumptiolinear variations, the density difference cancoenputed from the density
values at the midpoint between the top of the tigecformation and the base of the USDW before aftdr action of the
pressure pulse. The coefficienfsand 4 depend on the rate of TDS increase with depth @mdhe geothermal gradient,
respectively.

4. Applicationsto Case Studies

We apply this approach to three cases and companeesults to an analytical formulation of presdagdup resulting from
constant rate injection.

Table 1. Case study parameters

Parameter California Site  TexasSitel TexasSite2
Top of injection Fm. (m) 2277 2500 2500
Base of USDW (m) 1215 700 700
Injection Fm. TDS (g.1%) 20 60 60
Borehole range of salinity (g} 0.5-20 0.5-20 10-20
Density gradientl at constant TDS (kg-tm?) -1.16x10° -1.10x10°  -1.10x10°
Initial density gradient in borehole (kg..m?)  3.75x10 -3.81x10F  -6.98x10
Final density difference at base of USDW (kgL 0.0118 0.0379 0.0322
Maximum admissible pressure (bar) 0.58 5.6 5.15
Distance from injection well (km) 21 1.0 1.4

4.1. California Case Sudy

We examine a site in the Central Valley of Califarmwhose injection depth interval starts at 227amd whose injection
formation water averages a low TDS of 20,000mg/ldé@burg et al. [6]) (Table 1). The base of the W&I3 located at a depth
of 1215 m above the injection formation. In undibed conditions, the slight density gradient is thyodue to salinity variations
(£= 3.75x10) (Fig. 2). We assume that no flow occurs in thélbeee in undisturbed conditions. After action betpressure
increase, the more saline fluid coming from thedtipn formation in thermal equilibrium with itsrsoundings but maintains its
salinity; geothermal gradient is at the origin bé tdensity gradienti(= -1.16x10). The density difference of the two fluids
before and after the pressure change at a deptliso®.0118 kg/L.
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Figure 2. Graphical determination of the maximufoveed excess pressure in the California case stiidg colored curves display the density variatba
parcel of water with depth for two values of satini

We next compute the additional pressure that wallddv full replacement of the wellbore initial wateith the saline aquifer
water but without sustaining flow. Application ofjiation(9) yields:
_ -5 —7
AP _ (2077~ 1215)( 116x10 . 375x107
g

and an admissible additional pressure of 0.58 HRmesssure increments in the injection formationeexiing this threshold
would sustain the column of denser brine in thdlveeé up to the base of USDW and thereby lead tacnination.

2277-1215)+ o.ousj (10)

If we assume that the fluid has no time to equaliby Equatiort7) is used:

AP _ 375x107
2

g
with an admissible additional pressure of 0.21 bars

2277-1215F (11)

4.2. Texas Case Study

A hypothetical site, adapted from Nicot [1] anddted in the Wilcox Fm. in the Texas upper Gulf Gdws a 60-g/l TDS
injection formation whose top is at a depth of 2500In agreement with the general approach, therjemwellbore is assumed
not to communicate with several overlying salingervdormations (Carrizo and Yegua Fms.) but only @ulf Coast aquifers
whose bottom is estimated at 700 m. We examineb2ames that differ by the nature of the borehak@lrconditions: TDS
varying from 0.5 mg/L to 20mg/L (Fig. 3) and from @/L to 20 g/L (Fig. 4). This choice emphasizes ploints that wellbore
density profile is a function of the history of theellbore and that water density at the top of itijection formation is not
necessarily the same as the TDS in the injectiomdtion.

Application of Equatior{(9) yields:

_ -5 -6
A;=(2500—700)( 110x10 2+ 381x10°

2500 700) + 0.0379j (11a)

AP _ (2500- 700)(
g

-110x10°+ 698x10°° (

5 2500- 700)+ o.oszzj (11b)



and an admissible additional pressure of 5.6 bars @15 bars in the less saline and more salinglintonditions,
respectively. The larger threshold pressures iselsibcases, compared to the California casehareonsequence of having
much denser brine entering the wellbore.
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Figure 3. Graphical determination of the maximutovedd excess pressure in the first subcase stuBytd®0 g/L TDS variation in the borehole, inityal
salinity in injection formation is 60 g/L TDS). THigure also displays the density variation of ecphof water with depth for several values ofrsfi

4.3. Comparison to Pressure Signals

Customary pressure computation uses the standaid Tdrmalism (e.g., Warner and Lehr [7]) assunangideal reservoir
and with or without the exponential integral. Itakso the formulation called for by EPA and sonwest to compare zone of
elevated pressure and AoR. This paper also useappiroach although more accurate pressure sampliogld be provided by
a multi-phase flow numerical code (e.g., Orugant 8ryant [8]). For an accurate delineation of #wR, the user must rely on
multi-phase flow numerical modeling for reasonsluding the fact that compressibility of GGs a function of pressure,
introducing a feedback loop in the determinatiorihef pressure field (compressibility of water iglfaconstant), difference in
viscosity between water and supercritical J@nd thus impacting the conductivity field), andogancy effects. To get an
understanding of how far from the injection sitee pressure values calculated in the previousaecttand, we use a generic
reservoir with the following characteristics: injen of 1.43 million tons of water a year (equiv@l®n a volume basis to 1
Mt/yr CO, with a density of 0.7) for 30 years in a 100 méhéck formation with porosity of 0.2, permeabiligf 300 md,
compressibility of 6x108 psi?, and viscosity of 0.75 cp. This translates intdistance of 21, 1.0, and 1.5 km, respectively, to
define the edge of the AoR (again with the papsumptions, including that of hydrostatic pressure).
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4.4. Additional Flow Barriers

The strong possibility of a lower than hydrostatressure (deliberately not taken into account engreceding calculations)
will alter the results and will essentially rendleem moot. Each meter of difference between thectign formation piezometric
surface and bottom of the USDW adds ~0.1 bar ofisglbie pressure increase. However, in sites \itifle data available, the
presumption of hydrostatic pressure profile musitiaele. Another likely occurrence in most wellbdeethe presence of cement
plugs and mud-filled sections between them as gqdeby EPA regulations. Rotary-drilled dry holeshaut proper plugging
records can be assumed to have been left mud-béeduse there is no economic incentive to recthheemud (e.g., Johnston
and Knape [9]). Gel strength of water-based mudemges indefinitely with time at a fast rate fistd then more and more
slowly, but the gel becomes denser with time #tibn loss into adjacent formation). Currently, evabased drilling muds are
used from the surface to depths of ~1,500 m, afteéch depth, oil-based drilling fluids are used.

Mud gel strength typically increases with time aethperature and, until the gel structure is brokbe, mud will stay
unbroken and unaffected. Displacement presBDreeeded to overcome the gel resistance is givePlby a x S; x h/D where
a is a unit conversion facto§; is the gel strength is the height of the mud column, abds the hole diameter (Johnston and
Knape [9]). In working operating conditions, mud geength is less than 1 Ib/106, fbut once settled, it can increase to values
as high as 100 Ib/100*ftJohnston and Knape [9] suggested that a minimaloevof 25 Ib/100 ftbe used for abandoned wells.
This value corresponds for a ~1,500 m mud columa itb-inch hole to an extra pressure >7 bars (ditiad to the column
weight) needed to move the column. This value isveoy large but can be significant for small-scajection and to limit the
size of the AoR.

5. Conclusions

Owing simply to density differences due to tempaatand salinity subsurface variations, a wellbsith a continuous open
pathway between the injection formation and thedmotof the USDW will not necessarily lead to conitaation of USDW
when CQ is injected. We show representative examples iithva pressure increment of a fraction of a bataupeveral bars
can be sustained without flow, depending on subserfparameters and under the assumption of ityidiostatic pressure



profile. The fact that a threshold pressure eXistdisplacing brine along a long vertical pathwhich density variations are
certain, has important implications for risk assesst.

Injection of 1 million tons a year for 30 yearsnstated into an AoR larger than 20 km in a les®rfable case (California)
with a TDS lower than most for the injection depthe other case (Texas) resulted in an AoR betwWeand 2 km. However,
AoRs were computed approximately using the stanB&#A approach not using a multiphase flow numernicatiel. In addition,
results are sensitive to the form of the EquatibBtate (EOS) of water used in the calculations.iMvestigated cases in which
the formation brine is allowed to reach the botiinthe USDW (but no farther). A similar approachulcbbe used to estimate
additional pressure than would raise the formalione to some distance beldie bottom of the USDW.
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