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Abstract

CSME operates a brine field at shallow depth at Gellenoncourt, Lorraine, France. An abandonment test,
based on the trial-and-error method, began at June 10, 2010. This test consists of monitoring wellhead
pressure evolution after a cavern is shut-in. Cavern brine temperature is measured to check that ther-
mal equilibrium between cavern brine temperature and rock mass temperature at cavern depth was
reached, as proved by brine temperature measurement. At the beginning of the test, cavern pressure is
changed from time to time. When pressure consistently increases (respectively, decreases) it can be
inferred that cavern pressure is below (respectively, above) the equilibrium pressure such that cavern
creep closure exactly equals brine seepage to the salt formation. The first results of this test were pre-
sented during the 2013 SMRI Meeting in Avignon, France. The present paper is an update. It is proved
that height years after the test began, pressure evolution remains consistent with what was predicted.
Cavern closure rate and salt mass permeability can be back-calculated from the test results.
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1. The abandonment issue

In the past decade, there has been concern about the thermohydromechanical behavior of salt cav-
erns after they have been sealed and abandoned. The SMRI has supported several studies and in
situ tests relative to this issue (Ratigan, 2003).

After a cavern is closed and abandoned, cavern brine pressure builds up (Wallner & Paar, 1997).
The final value of cavern brine pressure is of utmost importance from the environmental protection
point of view. Several authors fear that in many cases brine pressure will after some time reach a fig-
ure larger than the geostatic pressure (Wolters et al., 2017), possibly leading to hydrofracturing; brine



will flow upward through fractures, to shallow water-bearing strata, leading to water pollution, cavern
collapse and subsidence.

As described in many papers (Bérest et al., 1997, 2001), there are several physical mechanisms
govern pressure build up:

e Cavern creep closure

o Brine thermal expansion

e Brine micro-permeation through rock salt
e Brine leaks through the wellbore

When brine thermal expansion and wellbore leaks can be neglected, cavern pressure slowly reach-
es an equilibrium pressure which is larger than the halmostatic pressure at cavern depth (i.e., the
pressure in a brine-filled cavern opened at ground level) but smaller than the geostatic pressure at
cavern depth. This equilibrium pressure is such that cavern convergence rate is balanced exactly by
the small brine flow permeating to the rock mass (Bérest el al., 2001). It is clear that the cavern clo-
sure rate at equilibrium pressure will be exceedingly slow and that this equilibrium pressure will be
reached after a very long period of time (several dozens of centuries). In most cases, ground subsid-
ence will be exceedingly slow.

The results of two in-situ tests, on EZ53 and SPR2 caverns (Figure 2), supported by SMRI clearly
support this approach (Bérest et al., 2013). The results of another test supported by the SMRI per-
formed on Stapfurt shallow caverns (Banach and Klafki, 2009) is consistent with the former scenario.

In the following it is proved that a similar test performed at Gellenoncourt, France, during a 6-year
long period clearly confirms these results

2. The Gellenoncourt caverns

CSME has operated a brine field in Eastern France since 1965. This field includes the Gellenon-
court brine field, described in Buffet (1998). It is located at the eastern (and shallowest) edge of the
Keuper bedded-salt formation of Lorraine-Champagne, in which the salt thickness is 150 m (500 ft).
Five horizontal sets of salt layers (“faisceaux”, or bundles) have been described by geologists. The
salt content of this field is highest in the first (shallowest) and third faisceaux. The overburden layers
include argillite, dolomite, sandstone and limestone.

During the first half of the 20" Century, single wells were brined out. After 1965, the hydro-fracturing
technique was used. For this brine field, cased and cemented wells are drilled to a depth of 280-300
m (920-980 ft) — i.e., at the base of the third faisceau. The horizontal distance between two neighbor-
ing wells typically is 120 to 150 m (400 to 500 ft). Through hydro-fracturing, a link is created between
two such caverns at the base of the third pencil. Water then is injected in one well and brine is with-
drawn from the other well. After some time, the injection and withdrawal wells are switched. The cav-
erns grow, and their roofs actually reach the first pencil. Brining stops when the cavern roof is 10 m
(32 ft) below the salt roof. This 10-m-thick salt slab is left to protect the overlying strata, which are
prone to weathering when in contact with brine (Buffet, 1998).

In 2007, CSME decided to perform tests to gain a better knowledge of cavern long-term mechanical
behavior (“ACSSL” Project). The SG13-SG14 cavern was selected for performing in-situ tests, as this
cavern is representative of the field and had been kept idle for a long period of time.

The SG13 and SG14 7"-wells were drilled in May 1975, and operated as brine-production caverns
from July 1976 to June 1977 (SG13), and from October 1978 to July 1980 (SG14). After some time,
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the two caverns coalesced, and SG13-SG14 now is composed of two parts connected by a large link;
hydraulically, they can be considered as a single cavern. A 3D view is provided in Figure 1. From lat-
est sonar measurements (2000), it was inferred that the volumes of SG13 and SG14 are 107,000 m?
(0.67 MMbbls) and 34,000 m® (0.40 MMbbls), respectively. However, sonar measurements are likely
to underestimate the overall cavern volume, as they cannot “see” the insoluble-filled link between the
two caverns. Cavern volume at the end of the mining operations also can be inferred from “mass bal-
ance”; i.e., from the cumulated amounts of injected water and withdrawn brine during mining opera-

tions. “Mass balance” suggests that the actual cavern volume might be as large as ¥ ~ 240,000 m’
(1.5 MMbbils).
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Figure 1 - 3D view of the SG13-SG14 cavern (From November 2000 sonar survey; the cavern is
viewed from East to West with a 10° downward dip angle.
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Figure 2 - Shape and depth of the EZ53, SPR2 and SG13-14 caverns.
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3. SG13-SG14 - Cavern temperature evolution

Brine thermal contraction (or expansion) results from the gap between the temperature of the cav-
ern brine and the geothermal temperature of the rock. When cavern brine is warmer than the rock
mass, heat is transferred from the cavern to the rock mass through conduction, resulting in brine cool-
ing. Brine cooling generates brine cavern contraction, making brine outflow rate or wellhead pressure
rate slower. The brine cooling process is slow —even slower in a larger cavern. In a cavern with vol-
ume as ¥ =~240,000 m’> (1.5 MMbbls), the temperature gap between rock mass temperature and
brine cavern temperature which existed at the end of the leaching period is divided by a factor of 4
after 10 years (Karimi et al., 2007). For the SG13-SG14 cavern, soft water injected during the leach-
ing process was slightly warmer (20°C or 68°F) than the geothermal temperature of the rock, which
typically is 17.6°C (63,7°F) at cavern depth. The initial gap was small. Moreover, the cavern had been
kept idle for nearly 30 years by the time the abandonment test began. It was believed that tempera-
ture decrease rate was exceedingly slow at that time.

By December 2008, a temperature sensor was lowered into the SG13 well to assess changes in
brine cavern temperature. The cavern temperature was measured at a 247-m depth (810 ft) and re-
mained perfectly constant during the period December 2008 — November 2010. In June 2010, cavern
temperature was measured again using the same sensor; sensor depth was 244 m or 800 ft (the
small difference in sensor depth is not significant, as natural convection is active in the cavern and
vertical temperature gradient in the cavern brine is small) and brine temperature was exactly the
same as in December 2008. Sensor resolution was tested as follows: cavern pressure was increased
by AP, =1 MPa (145 psi) by injecting brine during one day. During such a short period of time, brine

evolutions are almost perfectly adiabatic and a temperature AT, =a,T.AP./p,C, increase could be
expected (Gatelier et al.,, 2008), where T, =290K is the absolute brine temperature,
@, =4.4x107/°C (2.4x107*/°F) is brine thermal-expansion coefficient, p,C, =4.8x10° J/m’-°C is
the volumetric heat capacity of brine, or AT, (°C)=0.03AP. (MPa), or AT,(°F)=0.37AP. (kpsi). In

fact, sensor temperature indication “jumped” by 0.02°C when pressure increase proving that the sen-
sor was sensitive and that its resolution was 0.02°C. For the 18-month temperature measurement
period, it can be inferred that temperature rate is slower than — possibly much slower, as the initial
temperature gap was small in 1988, almost 30 years before the test.

4. SG13-SG14 Abandonment test

In the framework of ACSSL project, a trial-and-error test began on SG13-SG14 in June 2010 and is
currently on-going. Downhole and wellhead pressures and temperatures are measured continuously
every 5 minutes for more than 7 years, providing a huge amount of data.

A “trial and error” process (Figure 3) consists in approaching the expected steady-state pressure,
which was roughly estimated before the test. Different pressure levels are tested successively. When
the cavern-pressure rate consistently remains negative for a sufficiently long period of time, it is re-
adjusted to a slightly smaller value, in hopes of triggering a change in sign for the cavern-pressure
rate. Alternatively, when the cavern-pressure rate consistently remains positive for a sufficiently long
period of time, it is re-adjusted to a slightly higher value. Re-adjustments are made via small with-
drawals or injections of brine in the cavern.

It was not possible to install a permanent “wellbore-leak detection system” (Bérest et al., 2001) as
there is no string in this two-well cavern. However, wellbore leaks were deemed to be small as a suc-
cessful MIT was performed in July 2010 on both wells before the trial-and-error test. In addition, it
was known that, before the test, from 2000 to 2008, wellhead pressure had increased by 0.08 MPa, a
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figure which is not consistent with high leak rates in a cavern in which thermal expansion is exceed-
ingly small and the cavern closure rate is slow.
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Figure 3 - Trial and error test when thermal equilibrium is reached.

Temperature was measured from 2011 to 2017 using the same sensor as in 2010 (see Section 3). An
apparent decrease by 0.06°C can be observed during this period (Figure 4). This value is relatively
high, as it was assumed that thermal equilibrium was reached. However, it is suspected that the sen-
sor accuracy has slightly deteriorated after a couple of years.

Pressure evolution (Figure 5) clearly proves that equilibrium pressure is not reached yet after seven
years. Its value is likely to be P, =34 —35 bars (493-508 psi); i.e., significantly smaller than geostatic

pressure which, at a H =235 m depth (770 ft), is P, =52 —56 bars (754-812 psi). The hydrofractur-

ing risk can be disregarded. The cavern-pressure rate becomes exceedingly small, in the order of 0.1
bar/yr or 1.5 psi/yr (Figure 6).

Creep rate and rock permeability can be assessed tentatively as follow. Before the test, a shut-in
pressure test and a brine outflow test were performed to assess creep closure rate when cavern
pressure is halmostatic, P =F, (Brouard et al., 2009). The shut-in pressure test proved that cavern

closure rate was &, = V/V ~-0.93x107 /yr and &,V = — VP ~ 6.1 liters/day = —2.2 m’ /yr. (Cav-

ern compressibility, or AV, had been measured before the test; it is SV =129.5 m’/MPa.) The brine

outflow test was more difficult to interpret (Figure 7). In fact, after a rapid drop in atmospheric pres-
sure, brine flow sometimes may be very fast during a couple of minutes (Figure 8). This phenomenon
is described in Appendix.
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Figure 4 - Evolution of cavern temperature from 2010 to 2017.
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Figure 5 — Evolution of cavern pressure from 2010 to 2017.
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Figure 7 - Cumulated outflow volume during a 200-day period in 2008.
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Figure 8 - Fluctuations of the brine outflow rate during a 3-day long period.

Long-term equilibrium pressure

When it is assumed that salt behavior can be described by a power (Norton-Hoff) law and that the
exponent of the power law is n =3, cavern creep closure when equilibrium pressure is reached is
Vde,, |dt (P = Peq) =Vde, [dt (P=F, )[(Pw -P, )/(Pw - P, )T (see Figure 9). However recent re-

searches supported by the SMRI (citer le rapport) strongly suggest that, in the low deviatoric stress
range — the range of interest in the case of the Gellenoncourt cavern — the exponent of the power law
might be n =1, leading to much faster creep closure rate (see Figure 9).

In principle, when the exponent of the power law and the actual equilibrium pressure are known, rock
mass overall permeability (in m3/MPa or bbls/psi) can be assessed (see Figure 10, the overall perme-
ability is proportional to the slope of the straight line, when closure rate is in m3) and numerical com-
putations, taking into account the actual cavern shape, allow computing the average permeability (in
m?). We did not try to make these computations.

It was said that the closure rate is Vde, (P = F,)/dt =6.1 liters/day when cavern pressure is halmo-
static (P =F,). It is assumed that cavern average depth is 250 m (820 ft), typically, from which it can
be inferred that halmostatic pressure is P, =30 bars (435 psi). It is assumed that equilibrium pres-
sure and geostatic pressure are P, =33.5 bars (486 psi) and P, =53 bars (769 psi), respectively

(these figures are tentative), and (Pw -F, )/(Pw —Ph)= 0.85. The estimated brine flow which enters

the rock mass when equilibrium pressure is reached depends on the selected exponent of the power
law. When n=1, Vde,, (P =P, )/dt =5.2liters/day = 1.9 m3/yr (12 bbls/yr). When n =3, this figure

is smaller still: Vde,, (P =P, )/dt =3.7 liters/day = 1.4 m3/yr (8.6 bbls/yr).



CAVERN
PRESSURE

GEOSTATIC PRESSURE

n=1

....... EQUILIBRIUM PRESSURE

CLOSURE
RATE

>

Figure 9 — Equilibrium pressure depends on the exponent of the creep power law.
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Appendix — Outflow after a rapid drop in atmospheric pressure

Brine Outflow Test

)
Q

Figure 11 — Outflow test.

A brine outflow test is discussed. Both the cavern and the wellbore are filled with saturated brine
(Figure 11). The wellhead is opened and a container is set at ground level to collect the expelled
brine whose mass is measured.

Cavern slowly shrinks. Cavern creep-closure rate is £,/ >0 where V' is the cavern volume. When
the cavern average depth is H = 250-m (835 ft) deep, &, =107 /yris typical; when cavern average

depth is H=1000 m (3300 ft), ¢, = 3x107*/yris typical. The (average) outflow rate is
O=¢,V>0 (1)

In many cases, brine thermal expansion in the cavern must also be taken into account, as it contrib-
utes to the total flowrate; this is not discussed here.

It could be expected that during a short period of time (a couple of weeks) creep closure rate (and
brine outflow rate) be perfectly constant. In fact, it is not, as atmospheric pressure experiences small
changes (by a couple of hPa) during such a period. Atmospheric pressure changes are transmitted to
the cavern both through the brine column and through the rock mass. When atmospheric pressure

increases by p, ., cavern brine pressure increases by the same amount, cavern brine volume de-
creases by f,p,, and cavern volume increases by f.p. . . However, atmospheric pressure is

transmitted through the rock mass also, leading to a cavern volume decrease by g, p,.. Flowrate
fluctuations taking into account atmospheric-pressure variations are

Q=Vé,~V(B=B.)Pun )

where S = p, + . is the coefficient of compressibility of the cavern. The outflow rate is the sum of

two terms: the flow due to creep closure and the flow due to atmospheric pressure changes. For in-

stance, B, =2.7x107 /bar, B, =2.3x10" /barand B, =2.7x10" /bar are typical; an atmospheric
12



pressure decrease by p, =10 hPa/day (0.15 psi/day) in a ¥ =300,000 m’ (1.9 MMbbls) cavern

generates a 69 liters/day (18 gal/day) outflow. At a 300-m depth &, =107 /day is typical and the out-
flow generated by creep closure is 30 liters/day (8 gal/day). Total outflow rate is Q = 100 liters/day.

Possible onset of a geyser

Figure 12 - Onset of a geyser (2), outflow is maximum (3), end of the outflow (4), final
location of the interface.
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In this section, we discuss the stability of the brine outflow and the possible formation of a geyser.
The origin of such a geyser is the geothermal gradient. Temperature is an increasing function of
depth, T(z)=T1,+1Iz, T, is the temperature at ground level and I" is the geothermal gradient
(I'=3x107/m is typical). In the wellbore, brine is colder at ground level than it is at cavern depth

(Figure 12). When brine outflow is slow, at any depth, brine flowing upward in the wellbore is left
enough time to reach equilibrium with geothermal temperature. Consider now a fast brine outflow:
heat exchange with the rock mass can be neglected and brine keeps its initial temperature when flow-
ing in the borehole. Warm brine enters the wellbore through the casing shoe. At the same time, cold
brine is expelled from the wellhead. The average temperature of the brine column increases. Its
weight decreases accordingly, and the pressure in the cavern decreases, leading to still faster brine
outflow: a geyser is created. Such a geyser can be observed when the cavern is large enough and
when wellbore cross sectional area is not too large.

Onset of the geyseris at 7 =0. Let 2 =h(¢)>0 be the position in the column at time ¢ > 0 of the slice

of brine which was at depth H at time t = 0, h(0) = 0 (Figure 12). The weight of the brine column,
which was p, gSH before the geyser starts, decreases by p,gSa,I'(2Hh—h*)/2;Sis the cross-

sectional area of the borehole, g =10 m/s® is gravity acceleration and a, =4.4x107*/°C is the (adi-
abatic) thermal expansion coefficient of brine. Newton’s first law can be applied to the brine column in
the wellbore. Its mass is u = p, HS(1-a,T(2Hh—h>)/2) ~ p, HS. Its acceleration is h. It is pushed
upward by the changes in cavern pressure. These changes include the change in column weight, or
p,8Sa,T(2Hh—h*) /2, and the changes due to cavern compressibility, or Si/4V , multiplied by the

cross-sectional area. Head losses also must be taken into account; they are assumed here to be pro-
portional to the square of the outflow rate:

.S 2Hh -1’ '
0,SHh =—Wh+phgahF£TJS—F(S)h2 (3)

This equation holds when % < H; i.e., as long as the wellbore is not completely filled with warm brine.
It is convenient to set:
S
o = ,
pPVH

y’=ga,[/2 and f=F(S)/p,SH (4)
And the momentum equation can be rewritten:

. 2 . N\2
i=—a)2£+7/2 2i—h—2 - f 2 where h>0and 0<h<H (5)
H H H H H

This equation can be integrated with respect to time, leading to:

'2 2 2 2 2 2
h _ +7_ i + @ =2y -y /f i_L_'_Le-z_/h/H —0 (6)
2H 2f\H 2f H 2f 2f
The initial equilibrium position is unstable when the second derivative with respect to 4 of:
2 2 2 2 2
O LA )
2f\H 2f H 2f 2f
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is negative, or (0) = w”> —2y* <0. This condition is discussed below.

The maximum height reached by the interface, or 4,,, is obtained when the rate /i vanishes or:

y_[h_M)+ @ 22 N L L) 6)
2/ H 2f H 2f 2f

The height reached by the geyser is h,, = h*[h = H]/2g. (It was assumed that, at the end of the pro-

cess, the wellbore is not fully filled with warm brine from the cavern, or %,, < H. When this assump-
tion does not hold, computations are slightly more complex and are not provided here for simplicity).

After the interface reaches its maximum height, or 4,,, the brine/air interface drops in the wellbore to

h,,. Brine mass conservation allows computing #,,.
Discussion

It was proved that a geyser can appear when v//(O) =0’ - 272 <0,or:

ga,I'> )

pyPVH

The left-hand side of this inequation does not vary much from one site to another,
ga, I =10 m/s’ x4,4x107*/°Cx3x107°C/m=1.32x107*/s".

A geyser can more likely appear in a large (V is large), deep (H is large) and compressible (3 is
large) cavern when borehole cross-sectional area (.S) is small enough (possible crystallization must
be taken into account, as it makes S smaller). For instance, assume V' = 400,000 m°>, /3 =10"°/MPa
(it is assumed that the cavern contains gas pockets generated during the leaching process),
BV =400 m*/MPa, p, =1200 kg/m*, H =300 mand S =10"m’ lead to S/p,BVH =0.7x107"s7, a

figure which is significantly smaller than ga,I”' =1.32x107/s*, making onset of a geyser highly likely.
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