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Buoyancy model prompts
more San Andres drilling

J.K. Dietrich
Dietrich & Assoc.
Pasadena, Calif.
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A new type of buoyancy model can be
used to understand the source of residual
oil zones (ROZs), both thick and thin, and
help determine the likelihood that eco-
nomically viable recoverable oil resides in
transition zones (TZs) of imbibition reser-
voirs.

Application of a buoyancy and breach
model will fill a void in reservoir char-
acterization. It will help distinguish be-
tween TZs and ROZs: the first of which
allows application of primary and sec-
ondary (waterflooding) oil recovery
methods and the second of which requires more difficult
tertiary CO,-enhanced oil recovery (EOR) projects.

Next generation CO, EOR projects are undertaken with
the hope of recovering tertiary oil while sequestering and
storing a greenhouse gas. This activity assumes tolerable
risks of CO, containment, given the widely-advanced water-
flood model, which is based on a rare, cataclysmic tectonic
event, as the source of Permian basin ROZs. But breached
seals caused by increased buoyancy pressure, either from
depressurizing the upper ROZs and forming a buoyant free
gas phase, or simply injecting CO, that is less dense than the
reservoir oil, may pose the real risks.

The recent surge in drilling TZs overlying ROZs in the
San Andres formation of the Permian basin came late and
followed a chance demonstration of TZ'’s oil productive po-
tential, notwithstanding calls made nearly 20 years earlier
that recoverable hydrocarbons are likely to be held in TZs
of imbibition reservoirs, including those of the Permian."*

This early insight was based on understanding that an
ROZ and its overlying TZ form by vertically acting buoyancy
in leaking reservoirs. Two other models were introduced at
nearly the same time to explain the ROZ’s source. One is built
on a concept of oil-water contact tilting and gravity-controlled
migration of oil beneath spill points, the other relies on vis-
cous forces from tectonic uplift, changed hydrodynamic flow
within aquifers, and lateral sweep of oil columns.®

The lateral sweep model has been heavily publicly funded
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and promoted for application in the Permian basin, where it
is known as “Mother Nature’s waterflood.”” ® Unlike a buoy-
ancy model, it is a model in which little, if any, distinction is
made between a TZ and an ROZ.

The abnormally thick nature of the San Andres ROZs led
earth scientists away from considering buoyancy concepts
as their source.’

Residual oil zones

Residual oil zones are beneath many oil reservoirs world-
wide, suggesting that these reservoirs once contained much
larger oil volumes. Oil migrated out of these reservoirs,
causing the oil-water contact and paleo free water levels
(zero capillary pressure level, ZCPL) to rise, and placing
the reservoir in imbibition rather than drainage mode. In
these reservoirs, saturation profiles must be characterized by
imbibition capillary pressure curves, rather than drainage
curves, as routinely assumed. Imbibition curves have lower
water saturations in the productive interval and significantly
smaller transition zones than predicted by drainage curves.

Zeit Bay field in Egypt, Wytch Farm in the UK, Bu Hasa
in UAE, Endicott in Alaska, and Johan Sverdrup and Snorre
offshore Norway, are but a few of many fields known to hold
ROZs (Table 1). In each case the rocks are either mixed-wet
or oil-wet. These occurrences and the absence of ROZs in
water-wet formations have led to the concept of a simple
buoyancy model; a model which relies on dropout of heavy-
end hydrocarbon fractions from the liquid hydrocarbon
phase over time (Table 1). This dropout changes the paleo
condition from water-wet (i.e. brine-filled) to mixed-wet or
oil-wet, as found at discovery.

In each of these reservoirs, fluids appeared to be in grav-
ity-capillary pressure equilibrium at time of discovery, indi-
cating something other than Mother Nature’s waterflood as
an explanation for ROZ formation. A mechanism that would
explain a gravity-dominated breach of a caprock seal, and
its subsequent reseal, for the origin of a ROZ is reminiscent
of the natural increase in buoyancy pressure that occurs
when the liquid hydrocarbon phase loses heavy fractions via
heavy-end dropout.
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brine!! Later research demonstrated

FIELDS, BASINS WITH RESIDUAL OIL ZONES Table 1

Field, basin Location Formation(s)  Geologic era Wettability that wettability of originally water-wet
Bighorn basin Wyoming Tensleep Pennsylvanian Oil-wet mineral surfaces may be reversed by
Bu Hasa United Arab Emirates  Shuaiba Cretaceous Mixed-wet adsorption of polar organic compounds
East Texas Texas Woodbine Cretaceous Mixed-wet in crude OﬂS, the higheSt concentration
Endicott Alaska Kekiktuk Mississippian Mixed-wet of which is found in the heavy ends of
Eromanga basin Australia McKinlay Jurassic Mixed-wet crudes, particularly in the asphaltene
I\NA:rﬁr Cretaceous and resin fracFion.lz 13> Table 2 shows
Johan Sverdrup Offshore Norway Draupne Jurassic Mixed-wet the Change Hl hqmd hydrocarbon phase
Vestland density caused by only a small change

Prudhoe Bay Alaska Sadlerochit Permo-Triassic Mixed-wet in mol fractions of heavy ends.
Seminole West Texas SenAndres  Permian Mixed-wet Awareness of heavy-end dropout
Snorre Offshore Norway Statfjord Permian Mixed-wet history and wettability triggered the
= = concept of a buoyancy and breach
Wasson West Texas San Andreas Permian Mixed-wet o del, one that is shown here to-ex
Williston basin ggilézétachewan Madison Group Mississippian Oil-wet plain the surge 5f drilling activity S5
Wytch Farm Southern England Sherwood Triassic Mixed-wet the transition zones of the San Andres.

Zeit Bay Egypt Nubian Cambrian to Cretaceous Oil-wet

Kareem Buoyancy, breach model
Buoyancy pressure is the difference be-
tween the pressure at the bottom of an
oil column pushing up on it and the
Heavy-end dropout pressure at the top pushing down (Equation 1). Buoyancy pres-

Heavy-end dropout debuted as part of a modeling technique
for design of CO,-EOR projects and for interpretation of early
CO, injectivity tests, most of which were performed in the
West Texas San Andres reservoirs using a CO2-flood simula-
tor designed and owned by Todd, Dietrich & Chase Inc.!® The
liquid hydrocarbon phase in the simulator consists of up to
six components, the heaviest of which is often used to repre-
sent asphaltene, which precipitates as a function of CO, con-
centration.

This early numerical modeling approach followed publica-
tion of a pore-level concept describing how mixed-wettability
might form and evolve in reservoir rock initially filled with

BUOYANCY PRESSURE 6. 1
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Solid lines are at paleo conditions OWC omitted for clarity

Dashed lines are at discovery conditions
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sure is zero at ZCPL and increases to its maximum at the top of
a hydrocarbon column just below a trapping seal (Fig. 1). The
difference in pressure between water phase and oil phase at
any point above ZCPL is the buoyant force at that point.

An analogy for the upward buoyant or driving force of a
static oil column is the upward force generated by a wooden
two-by-four vertically trapped in a tank of water. The buoy-
ant force at the top of the board is directly proportional to
the length of the two-by-four. If the length of the vertical
column of oil were increased, the buoyant force at the top
of the oil column would be increased.'* Also, in the two-by-
four example, buoyant force increases with lower density of
the two-by-four.

Given heavy-end dropout, liquid hydrocarbon phase
density will decrease. The greater density difference between
water and oil increases buoyancy pressure acting at the top
seal. Where buoyancy pressure is sufficiently high, petro-
leum will leak through the top seal of the trap until buoy-
ancy pressure re-equilibrates to its threshold pressure and
the caprock reseals. As oil density continues to decrease, the
caprock episodically breaches and reseals, in a natural equil-
ibration process that returns a perturbed, ever more buoyant
system to equilibrium with the buoyancy threshold pressure
of the caprock, which is assumed to remain constant.

The caprock buoyancy pressure at time of discovery will
be the same as that at the time of entrapment. Assuming
invariant brine density, an estimate of paleo hydrocarbon
phase density can be made using Equation 2. In this pro-
posed model, growth of the ROZ is a function of decreasing
liquid hydrocarbon phase density, which in turn is a func-
tion of time (Equations 3-5).
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The saturation-height profile be- EQUATIONS
fore leakage starts should be set using
the estimate for the paleo liquid hy- =
drocarbon phase density (Equation 2) £ _('D wE= P8 )h ()
and a drainage capillary pressure curve
pinned to the paleo ZCPL (blue curve
in Fig. 2). (Ap == )

Researchers long ago offered graph- =5 = e
ic techniques for estimating the shape Forser = P (ROZdisc + hdisc) @
of imbibition capillary pressure curves
which characterize the saturation pro-
file within an imbibition reservoir. De-
spite this shared understanding, the
standard modeling approach has been
to use a drainage capillary pressure where h(t) = hpaleo {(pw;,a/eo = ) / (pwdm =" )} @
curve to describe saturation in imbibi-
tion reservoirs (green curve in Fig. 2).

ROZ L, ®

paleo

Saturation models, based on drain- — = )
age capillary pressure curves which s ] s
assume zero capillary pressure at the
base of the ROZ, provide reasonable Nomenclature
estimates of original water saturation g  =gravitational acceleration = 9.81 m/sec?
in the productive interval. However, h  =oil column height above a zero capillary pressure level, m.
the models overestimate mobile oil in B, =buoyancy pressure, Pa
the ROZ. Conversely, capillary pres- p,  =oleic phase density, kg/cum

sure models which assume zero cap-
illary pressure at the base of the pro-
ductive interval will underestimate Subscripts
original oil in place.

Gradual rise of paleo ZCPL to the
ZCPL observed at time of reservoir
discovery will alter the saturation- t  =time during the formation of a ROZ
height profile established during pri-
mary drainage. The rise of paleo ZCPL
was simulated using simple one-di-
mensional gravity-stable displacement by specifying aqui- WATER SATURATION IN HOMOGENEOUS RESERVOIR ¢,
fer influx at the base of a reservoir model and hydrocarbon ‘
leakage at the top. A standard capillary pressure hysteresis Saturation
model was used during this simulation to move from a pri- 0.0 0.2 0.4 0.6 0.8 1.0
mary drainage curve to a series of spontaneous imbibition fi20 I I : : :
capillary pressure curves.”

Results extracted from the simulation output files are
shown in red in Fig. 2. The difference between red and
green curves above the secondary ZCPL represents oil re-
serves that standard modeling practices have missed. These
reserves could be the source of much of the produced oil in
the San Andres horizontal play and in many of the San An-
dres next generation CO,-EOR projects. 5.360 -

p,,  =aqueous phase density, kg/cum

disc = time of reservoir discovery

paleo =time of hydrocarbon entrapment

— Drainage overlay
— Primary drainage
— Imbibition

5,280 1
Secondary ZCPL

5,320

Depth, ft, TVDSS

Results

Application of Equation 2 suggests that paleo oil densities 5,400 -
were commonly at least 10% greater than those encountered

at time of discovery of the mixed or oil-wet reservoirs listed

in Table 3. The densities shown in Table 3 can be used to

Paleo ZCPL
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MIXED-WET EXAMPLE RESERVOIR

Pseudo-component Paleo reservoir
assumed composition,

strongly water wet, mol %

Reservoir at discovery
composition, mixed-
wet, mol %

The San Andres reservoirs listed in
Table 3 contain saturated oil and pri-
mary gas caps. The primary gas caps

Table 2

formed as heavy-end dropout led to

N6 0.53 0.53 breaching and temporary loss of pres-
81 2 2?:8; % sure due to lagging aquifer influx. If a
C 4.75 4.75 i ig-
G = == gas cap formsj the oil cqlumn must sig
iC, 1.45 1.45 nificantly shrink to maintain the same
nC 3.36 3.36 Y
;CC_“ 158 %:8513 buoyancy pressure at the top seal. Giv-
nC, 2.01 g
e 594 594 en the buoyancy and breach model,
87 ‘51-61% ggg thicker gas caps mean thicker ROZs.
G 358 358 The reservoirs at Bu Hasa, Johan Sver-
8138;2 1%2&73 13:2’? drup, and Wytch Farm contain highly
Sl = 003 under-saturated oil. There were no pri-
823823 242 %g mary gas caps in those reservoirs and

e 1 111 their ROZs are relatively thin (Table 3).
g 152 142
cigs o 175 Recent Permian basin activity sup-
= e = ports the concept that transition zones

um 5 . e .

may hold more oil than previously

Reservoir pressure, bar 194.4 194.4 16

Rescriol bR bl 0 257 257 thought.'® Researchers at Texas Tech

Liquid hydrocarbon phase density, kg/cu m
Paleo initial conditions, p, paleo 853
At reservoir discovery, p, disc
Aqueous phase density, kg/cu m
Paleo initial conditions, p,, paleo
At reservoir discovery, p, disc

1,039

University are finding that producing
812 wells completed in the upper portion
of San Andres ROZs are “unlikely to

L9 be true ROZ producers and are more

calculate the rise in buoyancy pressure that would have oc-
curred at the top seal in the absence of seal breach. An in-
crease of about 20% would have occurred at Bu Hasa, Johan
Sverdrup, and Wytch Farm and an increase of about 30% at
Seminole and Wasson.

The caprock of San Andres reservoirs consists of dense
anhydritic dolomites with low ductility that will fracture
when pore pressure is greater than both its minimum stress
and tensile strength, then reseal when pressure reduces and
fractures close. Irreversible buoyancy pressure increases of
30% at the top seal would appear not to have been reached,
owing to episodic breaching, pressure release, and resealing
of the caprock.

DIFFERENCE BETWEEN PALEQ, DISCOVERY

likely to be completed in the transition

zone,” and Permian basin operators are

continuing to express interest in drill-
ing or waterflooding San Andres TZs'™*°.

The buoyancy and breach model addresses the persisting,
fundamental problem of describing oil and water saturation
distributions in the basal portions of imbibition reservoirs,
including those of the Permian basin’s San Andres and Gray-
burg reservoirs where most US oil reserves are located. The
model also brings an awareness of the instability of caprock
seals and the dynamic nature of most hydrocarbon traps.
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Table 3
0il field 0il column Gas cap Water density, 0il density Gas density Observed Buoyancy
thickness at thickness paleo/disc, paleo/disc, paleo/disc ROZ model ROZ
discovery, m at discovery, m kg/cu m kg/cu m kg/cu m thickness, thickness,
m (Eq. 3), m
Bu Hasa 213 0 1,086/1,086 748/685 — 40 40
Johan Sverdrup 63 0 1,011/1,011 838/805 — 12 12
Wyich Farm 99 0 1,127/1,127 715/648 — 16 16
Seminole, 82 24 1,087/1,087 812/744 168/168 76 76
San Andres
Wasson, 85 24 1,090/1,090 814/730 168/168 82 82
San Andres
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