R} A

' SOCIETY OF PETROLEUM ENGINEERS OF ATME
*6200 North Central Expressvay '
' Dallas, Texas

B S TR U

TR N T AT gy W

A

10 Gae

<

75206

By

g 5 i st e PR 26 S

PAFER

mneer OP E

k' ORRECTION

Migration of Reservoir Fluids

Wm. C. Gussow, Union 0il Co. of California, Brea, Calif.

: © Copyright 1967
American Institute of Mining, Metallurgical and Petroleum Engineers, Ine.

This paper was prepared for the k2nd Annual Fall Meeting of the Society of Petroleum

Illustrations may not be copied.

{ of AIME, to be held in Houston, Tex., Oct. 1-4, 1967. Permission to copy is restricted t

. stract ¢f not more than 300 words.
4 conspicucus acknowledgment of where and by whom the paper is presented.

The abstract should
Publication elses

publication in the JOURNAL OF PETRCGIZUM TECHNOLOGY or the SOCIETY OF PETROLEUM ENGINEZERS .
usually grented upon regquest to the Editor of the appropriate journal provided agreement -

proper credit is made.

. Discussicn of this paper is invited. Three coples of any discussion should be sent -
¢ Bociety of Petroleum Englneers office. Such discussion may be presented at the above mee
with the paper, may be considered for publication in one of the two STE magazines.

ABSTRACT

The application of reservolr and production
engineering experience to the problems of
migration and accumulation of oil and gas is
developed. The principle of differential entrapd
ment is reviewed and updated, and geological
evidence for selective trapping of oil and gas
is illustrated. This theory, first published in
1953, explains why many good traps are dry while
adjacent gtructures are prolific oil fields. It
explains why scome traps are gas flelds and con-
tain no 0il, and vhy gas is trappesd downdip in
gome areas while synclinal oll occurs in others.
The law of gravity explains the gravity distri-
bution of ges, oil, and water in a reservolr,
but differential entrapment explains why some
0il reservoirs are stratified, and why some oil
accunulations are light-gravity condensates
while others are medium or heavy crudes.

Under superimposed hydrodynamic conditions,
oil and gas accumulations are modified in
.accordance with the hydrodymenmic gradient,
causing tilted interfaces, spilling, and remi-
gration. When folding and faulting are super-
imposed on a basin with oil and gas accumula-
tiops, the oil and gas usually remigrate into
the new structurss in accordance with the
principle of differentisl entrapment, and these

Reférences asnd illustrations at end of paper.

new accumulations conform to the exis
hydrociogy.

How undersaturated olls are form
crudes have different GOR's, and the
significance of saturation pressures
these are used for determining the ti
accumwlation are discussed.

INTRODUCTICN

Petroleum engineers are well awa
each oil and/or gas field has unique
isties all its own. The purpose of &
is to discuss the reasons for these d
and how they came about. Perhaps the
fundamentals, the physical laws gover
mulaticns of oil and gas, have been 1
because of the ease with which petrol
been digcovered in the past. There 1
substance, so seemingly simple, which
intrinsic complexity offers such a ch
chemist, geologist, gecphysicist, and
The challenge is that the oil and gas
sccumulation have concentrated from s
and have left little trace of their s
petroleum geologists have an englneer
ground and yet this is becoming more
essential for a successful exploratic
The geologlst and geodphysiclst are le
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" work together and realize the peed for team-

for Wyoming, set forth idess almost identical
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© contain a gas cap at the time of migration and

work in apulying their specialties. A similar
and much greater effort of cooperation is
needed between the reservoir engineer and the
exploration geologist to find the remaining
undiscoverad oil and gas reserves. The
engineer should carry his share of the burden
and help the exploration geologist find more
0il. This mutual understanding and cooperative
effort is even more necessary as mery eugineers
are now in management positions charged with
making important exploration decisions.

The general application of the structural
theory, together with migration, is now
accepted by virtually all petroleum geoclogists.
The so-called ancmalous occurrences of oil and
gas in interconnected traps had long baffled
the petrcleum industry throughout the world.
Why are some apparently good structures gas
fields vather Than oil fields, while others are
dry? This is explaired by the principle of
differential entrapment.—~ This simple
pPrinciple explains why gas fields may occur
in a downdip position and produce little or no
oll, while structures further updip produce
0il with little or no gas and others still
further updip are dry. In reality, this
carries the structural theory to its logieal
conclusion.

When we published cur paper in l95l+,lL e
learned of two earlier attempts to explain
these apparently anomalous decurrences.d
This, in spite of the fact that two 2-man
years were spent scarching the literature with-
out discovering the slightest hint. A Russisn
geologist ceme the closest, but veered off.l7
In 1916, Ioyal W. Trumbsll, state geologist

with those developed by us nearly 35 years
later, and yet Trumbell's idea lay dormant,
except in the minds of a few of his associates
[5. H. Knight] and received little attention.
Trumbeil was certainly on the right track. In
1932, T. Martin W. Strong of the former Anglo-
Persisn Oil Co. [British Petroleum--in a pri
vate report dated July 6], developed an expla-
naticn for the anomalous occurrences in the
Middle FEast. This was based entirely on the
effect of solution gas in the oil. He visual-
ized saturated oil migrating updip without any
free gas., With decreasing depth [and pressure]
solution gas would be released from the oil.
By this line of reasoning, every trap would

these would be larger and larger the further
downdip the trap because the further downdip,
the more 0il would have passed a specific trap.
Strong then explained the absence of gas caps
in the updip traps by selective leakage of gas
from the shallower structures. Unfortunately,
Strong was not permitted to publish his ad-
vanced ideas for obscure reasons practiced by

~ard Technology, published a book on petroi:

00 many oil companies. Wallace E. Prat+ -
that he had beer made aware of Strong'
many years earlier by George M. Lees;
A, I, levorsen [personal comnunication
intimated that he had "bought leeses bas
the idea many years ago". The effect of

+
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tion gas in the oil 1s believed to bhe = Tomr o

is discussed later. Finally, in Dec., 1g5L,
nearly simultanecusly, another British E501 0

gist, G. D. Hobsorn, Imperial College of Sate-

geology in which he outlined nearly iden<i-
ideas, but with somewhat different emphasiz,..
Undoubtedly, the idea also existed in the miy -
of many others but was never thought out &
posteriori. -

MIGRATTON OF OIL AND GAS

Primary migration refers to the moven
of 0il and gas in a finely dispersed stat
the source beds into an aquifer or carrier v=:,
The movement of o0il and gas in a carrier Led
to the final positions of entrapment is kncun
as seccndary migration. 01l in a dispersed
state or in small globules, cannot flow throu:™
a water-saturated reservoir rock or carrisr
bed. This has been proved in laboratory eipori
ments and is also demonstrated by reservoir
behavior! as long ss the oil occurs as a con-
tinuous phase, a well will produce only oil;
cnce the oil in the reservoir becomes the diz-
continuous phase, the well will produce only
water. This knowledge is commonplace with 81l
reservolr engineers, This is also the reassn
for the poor recovery of the oil in place in
any il accumulaticn, and is referred to as tr=
irreduclble minimum saturation when the accwru-
lation has bveen depleted.

.
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Evidence of Migration

The belief that oll can migrate seems
fairly upiversal. Textbooks make reference in
positive terms to movement through the nore
space of rocks. However, some geologists
believe in an in-situ or local crigin. We ars
forced to conclude that it migrates for grea:
distances, based on the geological evidence.
0il is produced by virtue of its migratory
quaiities. The fact that 0il will move into
the drill hole is axiomatic,®l and it is knowm
that & specific area of a reservoir can be
drained by a well. Thus well spacing commonly
varies from ore well in 5 acres, to more thaz
2-mile spacing in some of the Persian fields.

According to Iees, ". . . the Persian
fields are notable for their ready fluid coz-
munication throughout the extensive structurss
« + . Free reservoir connexion [sic] has beexz
proved over long distances [up to 20 miles in
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the Persian fields and over 60 miles in the
case of Kirkuk in Iraq] . ."22  In Arabia,
common water drives have been proved over dis
tances of 50 miles between several fields

[Abgaiq, Ain Dar, and 'Uthmaniyah]. Good inter-|

conmunication over great distances is &lso
demonatrated by ground-water hydrology and by
generally good hydrostatic balance throughout
large basin areas. The fact that petroleum
fluids ‘accumulate in structural culminations
is proof of migration end is the very basis of
the structural theory. Furthermore, abundant
geological evidence of differential, entrapment

1,4

is evidence of distant migration.—?

Tilted oil-water interfaces demonstrate
that movement of the reservoir flulds can take
place over considerable distances. At the East
Coalinga Extension field in Fresro County,
Calif., for example, there is a uniform north-
ward tilt of 700 £t over & distance of 8 miles
[Fig. 7], and further south at Kettleman North
Dome field, a northwest tilt of more than 1,000
ft has been reccrded over a distance of 12
miles. Many other examples of this phenomenon
are known [Fig. 13].

The fact that many structural traps form
very much later than the time of deposition of
the reserveir rock can be explained cnly by the
migration of oil end gas,2? and finally, the
presence in oils of microfauna foreign to the
reservoir rock is strong evidence of migration
and indicates the path it must have followed. 4
Accordingly, it is postulated that oil and gas
contimie to migrate in an aguifer as long as
they ccour in a continuous phase and until
trapped.

Secondary Migration .

Secondary migration is initiated by tilt
snd depends on buoyancy. Actual movement in
the carrier beds beging when the bucyancy is
sufficient tc overcome the entry pressure in
the carrier beds. This'is a function of tilt
and the height of the resulting oil column.

In Fig. 1 the upper line is horizontal and oil
globules, even though they have coalesced,
remain in place. TIn the next illustration
below, tilt is expressed as an angle, or h the
height of the resulting oil column. It is
seen that the greater the angle of tilt, the
smaller the patch of ¢ll required to give the
minimum oil column x to initiate secondary
migration. When the tilt i1s rather flat even
a long accumulatiocn may not move if the critical
0il column is not attained. Ths eritical height
x may vary from six in. to five ft for average
conditions. In the Mid-Continent arcas
migration has occcurred with dips of only 1/L

to 1 1/4 degrees. o '

Secondary Migration Forms a Drainage Pattern

0il and gas accumulate at the shale-sand
interface where they wait for tilt. When it
develops, the patches unite and begin to move.
Slipping ever higher on. top of the water which
permeates the pore space of the rock, thsy
gtream along on the under side of a blanket-like
impermeable interfece,  Their movement is normal

_tc the contour lines but the very inverse of

surface drainage - streams converging and
£illing culminations as surface water seeks
declivities. The culminations are the {traps

in which the pools accumulate. -Everyone should
agree that petroleum having filled a trap, any
overflow will take the form of a stream along
g well defined path. A criterion that may be
used to recognize a migration path along which
0il has moved is that a well drilled into such
a path will indicate oil saturaticn up to 30
percent, dbut will not produce. Many such wells
have been drilled down the plunge of anticlinal
folds, below the oil-water interfacs. Fig. 2
is an idealized drainage pattern illustrating
how oil and gas migrate cut of a supply basin
along well defined migration paths.

As o0il and gas migrate along a migraticon
path, they i1l all traps along the way until
the supply 1s exhsusted. Traps can be any size
from a cup tc many millions or even several
billions of harrels.

Accumulation of Qil and Gas in & Simple Trap

0il and gas accumulate in structural traps
in reservoir rocks, displacing the reservoir
water out of the trap. Fig. 3, stages 1 and 2,
are textbook examples of the accumulation of oii
and gas in a simple trap under hydrostatic con-
ditions. Under such conditions, gas always
gceurs in the highest part of the trap and forms
a gas cap above an o0ll column in accordance with
the law of gravity. Water always occurs below
the oll ccolumn and occurs throughout the
aquifer. The fluids are bounded by gas-oil and
oil~water interfaces. )

Assuming that the supply of oil and gas is
adequate, they will continue to accumulate until
the oil-water interface reaches the spill point
[Fig. 3, stage 2]. Theresfier, & trap for cil
no longer exists and any additional ¢ll entering
the trap would cause oil to spill updip from
the now filled trap. Gas, however, would con-
tinue to enter the trap, displacing more and
more oil until, finally, a1l the c¢il has been
displaced and flushed or spilled updip. Once
the gas-o0il interface has reached the spill-
point level, it would, thecretically, coincide
with the oil-~water .interface and become a gas-
water interface as the last oil escapes from

. the trap [Fig. 3, stage 3]. The end point has

how been reached and this represents the final
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stage in this specific trap unless the pressure
is increased by further burial, or reduced by
ercsion. Any additioral gas would now cause
gas to spill updip while o0il would ecntinue to
by-pass this gas-filled trap.

If the gas accumulated first, 1t would
displace the water out of the Trap. Some waler
would remaln as a resldue on the gas column but
this would gradually reduce to a minimum by
gravity drairage. The oll would then form an
0il column below the ges, displacing mors water
from the trap. 0Ll cannot displace all the
water in the oil column and thls remains as an
irreducible minimum water saturation in the oil
column. The water in the oil column is not
affected by gravity drainages. Note that no oil
saturation would ocecur within the gss column.

If oil accumilated first, it would displace
the water in the trap. Then when the gas
accurulated, it would displace the oil in the
highest part of the trap. The fluids [o0il and
water] left in the gas column would now drain
down by gravity drainage until a minimum satu-
ration is reached.

If the pressure in the trap is reduced by
erosion at the surface, the gas will expand,
displacing the o©il still further. If the pres-
sure is increased by greater burial, the gas
cap will be compressed and more gas will also
go into solution in the ¢il column. Eventually,
the gas cap can disappear and go entirely into
solution in the oil. This will result in a much
higher gag-0il ratic in the upper layers of the
01l column. It is also conceivable that this
might result in an oil-wet reservolr in what

" was formerly the gss cap.

Wet Gas ~- Dry Gas

Fig. 5, stage 3, is an example of & non-
asgociated gas accumulation. That is, there is
no oil column, and accordingly, the gas may be
produced as scon as it can be tied in to a pipe-
line. This gas will probably be wet gas, and
will have a specific ges-condensate ratio. If

~the accumulation is buried deeper and the gas

volume is reduced by one half, the gas-
condensate ratio is doubled. The desper the
burial, the higher the gas-condensate ratio.
If the pressure on the gas is reduced by
erosicn; the gag is unable to hold as much
condensate and this accumulates at the gas-
vater interface and is flushed out along with
excess gas. Aventually, a dry gas will result.
When a dry-gas reservolr occurs at depth, this
is good evidence of accumilation before post-
erogional deposition. :

Migration in a Continuocus Aquifer and
* Accumulation in a Succession of Traps

0il and gas.will novw be moving in a well

Gefined migration path.

SPE-1870

This will have its
local tributary streams, and from time to time
will be Joined by larger branches. The path of
migration will be generally up the regicnal dip
cut of a Dbasin and, on reaching the crest of an
anticlirne, along it at right angles to the
regional dip, spilling from cne culmination to
another. It is rarely, if ever, in a straight
line [Fig. 5]. The oil and gas will acoumulate
in traps along the migration path. When the
lowest of these is filled, they will spill up-
dip into the next highest trap and when the
foregoing mechanics are applied to & series of
intercomnected traps [Fig. 4], at first [Fig.
L-A] o0il and gas accumzlate only in ithe lowest
trap [Trap I] until this is filled to the spill
point; all other updip traps wowld be water-
bearing until the lewest trap is filled. Only
when oil beging to spill updip from Trap I will
any oil sccunulate in Trap II. Note that there
is no primary gas cap in Trap II at thls stage.
Traps III and IV are water-bearing.

Further stages in the selective trapping
of vil and gas sre illustrated in Fig. 4, B and.
C. Thus Fig. 4-B iliustrates the conditions
that might prevail vhen Trap I is completely
filled with gas and all the o0il has been flushed
updip. Trap II might then be filled 4o the
spill point with oil, arnd might be spilling oil
updip into Trap III. Trap IV [and any other
updip traps] would be filled with salt water.
Fig. 4-C shows conditions at a still later
stage. Trap I is filled with gas, and is
spilling gas updéip Into Trap IT; Trap IT now
has & gas cap, and is spilling oil updip into
Trap IIT; Trap IIT is more or less £illed with
0il but still has no primary gas cap; Trap IV
is filled with salt water.

Fig. 4, D and E indicate more or less the
same stage of migration as 4-C but under dif-
ferent structural relationships. DNote that the
height of the culmination of succeeding traps
is not necessarily higher than iIn the previous
trap. The spill-point level is the controlling
feature of selective trapping. The height of
the culmination above the spill point determines
the maximum oil and/or gas column in the trap.

The traps illustrated in Fig. 4 might
represent a cross section through a series of
parallel and contiguous aniiclines or a longi-
tudinal sectlon [not necessarily a straight
line--see Fig. 5] through a succession of culmi-
nations a&long one anticlinal axis, or they
could represent a succession of culminations on
a reef barrier or along a shoestring sand.
Differential entrapment occurs also in migrat-
ing mlong a stratigraphic pinch-cut edge of &
sand. Only the simplest examples of the
application of the principle of differential

N
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entrapment have been illustrated in Fig. 4.
There are many examples of combirations of
structural traps to be considered but in every
case the fundamental principles govern. Many
examples of this phenomenon were described in
the literature of the world and they were
passed up as beyond explanation. The principle
of differential entrapment would appear to
explain some of the relationships. From the
foregoing, it is obviocus that a trap filled
with oil 1s s%till an effective gas trap but a
trap filled with gas is not an effective oil
trap. It is, therefore, necessary to consider
the migration and trzopping of oil and gas
separately, and not coliectively as has been
the tendency in the past. '

Fig. 5 represents & subsurface contour
map of an anticlinal trend along the western
margin of a large supply basin, and demon-
strates the migration path that would be
followed by any oil or gas migrating updip out
of the gecsynclinal area on the east. The
heavy line indicates the regional migration
path. The lighter broken lines represent minor
local tributaries. Pirst note that the
migration path is not a straight line. When
the lower culmination D has filled to the gpill
point at Saddle 1, oil and/or gas would stream
updip at right angles to the contour lines into
culminaticdn C. Note that none would spill inte
Trap E; Traps A, B and C would have to be
filled to about the 1,030-ft contour before any
oil would back up across Saddle 2 and spill
south into Trap E.

When Trap C is filled to approximately
the 1,055-ft level, oil would spill across
Saddle 3 into Trap B, and B would have to be
filled to approximately the 1,060-ft contour
before any oil would spill acrcss Saddle b
into Trap A. Culmination D is shown as being
filled with gas and has flushed all the oil
updip. This would no longer be a.trap for oil
Oor more gas under exlsting conditions. Trap
€ 1s filled with oil and has a gas cap. Trap
B is indiceted as being filled to the spill
point with oil [all primary gas is trapped
downdip in Trap C]. Traps A and E are dry
or at best would have showings of oil derived
from local migration.

If a series of traps is filled with oil,
any gas eptering the lowest trap would form a
gas cap and begin spilliing oil updip. This
would cause oll to spill updip, all along the
line into a still higher water-filled trap.
Eventually the lowest trap would become filled
with gas and then gas would splll updip into
the next trap, forming & gas cap In it. Con-
versely, if a series of traps is filled with
gas, any oil migrating from below would by-
pass all the gas-filled traps and end up in
a water-filled [or partly gas-filled] trap at

- possible that a second test will be required

the upper end. Thus it makes no difference
which came first; the end result is the same.

When the supply basin is exhausted,
secondary migration will cease and the reservoin
fluids will come to rest so that, along the
path of migration, the following general
sequence will result. The deepest [downdip]
traps will be filled to the spill point with
gas. These will be followsd by one or more -
traps containing oil and having a gas cap, and
then by one or more traps filled with oil only
(having no primary gas caps].  When the supply
of 0il is exhausted, all remaining updip traps
will be filled with water. The number of traps |
that will be filled with gas only or with oil
only, will depend on the size of the individusl
traps and on the supply of oil andfor gas.

It ghould be remembered that oil and gas
are closely assoclated, the amount of gas dis-
solved in the 0il or the amount of cil becoming
volatile varying with the temperature and pres-
sure. Thus, if the area of entrapment is suo-
Jected to deeper burial, the gas in filled
reservoirs having an oi} column znd a gas cap,
wil:i go into sclvtion in the o0il, increasing
the GOR. The size of the gas cap will also be
further reduced due to compression of the gas
remaining in the gas cap. [It is possible for
the gas cap to disappear entirely.] As a
result, the oil-water interface will no longsr
be at the spill point, making this an effective
trap for oil again as well as for gas. Reger-
voirs filled with gas only will become effec-
tive traps again for oil and ga , but reservoirs
filled with oil only will . =main unchanged, so
that the oil will now be undersaturated.

The Iimportant observetion in Fig. 5 is the
updip limit of gas flushing. This cccurs
between Traps D and C. Tt fellows that 1f a
line is drawn on a map along the updip limit
of gas flushing in & specific zone, no oil will
be found downdip from it and only solution gas
will be found in updip oll accumulatiocns.

Now, 1f a surface structural pilcture or
selsmic picture has been daveloped such as
illustrated in Fig. 5, vwhat is the procedurs
for testing with the drill? A move to the
largest structure is obvious. If this is dry,
the test is too far updip. However, in this
case, & well drilled on the gas cap might
determine the presence of gas only, depending
on the thickness of the gas column. Tt is

further downdip to determine the presence of
0ll. When oil has been discovered in this
structure the field can be developed by the
production engineer and the exploration geclo-
glst moves on. Now the question is:!: Which
structure to drill next? Sirce structure.C has
& gas cap,; the next updip trap will probably
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 Tlushed updip.

contain ¢il. Should the next test be in Trap B
or Trap B? This depends on the relative
heights of the spill points. In Fig. 5, oil
will migrate intoc Trap B and this is the strue-
ture to drill next. Undoubtedly, Trap E
eventually will be drilled but at least a2 good
explanation can be given if it 1is dry.

Examples of differentisl entrapment from
all over the world are described in the original
paper. The Alberta Middle and Upper Devenian
reefs and the gilgentic Iranian fields are
classic examples. The accumulations around the
edges of the Central Basin Platform, West Texas,
might be mentioned. These contain meost of the
01l while equally gocd structures of the inte-
rior are dry [T. 5. Jones, personzsl communi-
cation]. Only two examples are 1llustrated and
have been selected for discussion in the present
paper.

Differential Entrapment in RPonnie Glen-Wizard
Lake Reef Chain, Alberta, Canada'

This great barrier of Upper Devonian age
has been traced more than 125 miles, extending
80 miles southwest from the Leduc field and more
than 50 miles north of ledue. Fig. 6 is a
longitudinal section along the reef barrier
gsouth of the Leduc field, showing the fluid
content of the various traps. Tt 1s visualized
that oil and gas migrated updip out of the
Rocky Mountain gecsyncline along various tribu-
tary migration paths and, on entering the reef

"trend, migrated along it from south to neorth.

Reef debris along the flanks of the reef trend
forms an excellent pipeline or carrier for the
migration of oil and gas along the barrier. All
primary gas has been trapped in structures down-
dip from Wizard Ieke. South Westerose, and
Rimbey-Homeglen further south, are filled with
wet gas to the exclusion of oil, while Westerose
and Bonnie Glen reefs have large gas caps.
Wizard ILske and Glen Park are filled to the
spill point with 01l and have no gas caps.

The fact that Westerose and Bonnie Glen
Loth have gas caps mlght be pointed out as an
exception. This, howéver, may be explained by
assuming that gas must have been spilling updip
from South Westerose into both Westerose and
Bonnie Glen, simultanecusly, just as a braided
stream splits and comes together again. The

- gas caps may also have resulted from the solu-

tion solution gas evolved by the oil which has
migrated updip into the large vilfields along
the reef trend to the north. The small oil
columns at Rimbey-Homeglen and South Westerose
may be explained by oll which has drained down
out of the gas cap after the oll content was
These reefs were once filled
to the spill point with oll and had no primary
gas caps. Then gas caps appeared and, finally,
all the oll was flushed updip. Then, during

" interface.

tific study to evaluate the future possibil-

geologlc time, oil drained down out of the gas
cap. Ancther poseible explenation is that more
oll was trapped in these reefs alter the gasg
wag compressed due to deeper burial.

East Coslinga Extension Field,
Fresno County, Californig

A contour mep of this fleld was published
by L. S. Chambers2® and is reproduced in Fig. 7.
This indicates an oil field about 8 miles long,
having two culminations and a common oil-water
Gas 1s trapped in the northern
culmination [-7,4%00 f£t], while there is no gas
cep in the southern culmination [-5,800 ft].
Gas 1s thus trapped downdip, about 1,600 ft
below the top of the structure. The c¢il accumu-
lation is modified by a hydraulic gradient so
that the oil-water interface is tilted north at
about 90 ft/mile. The gas-oil interface, how-
ever, i1s horizontal. Apparently, gas was trap-
ped in Bast Comlinga BExtension north dcme while
0il was spilled updip into the higher culmina-
tion [south dome]. This relaticnship of oil
end gas cennot be explained by the hydraulic
thecry, but is in accordance with the Drlnclple
of differential entrapment.

Gas Flushing

The over-all effect of gas flushing will
now be illustrated. Updip limits of gas
filushing are lmportant in evaluating petroleun
possibilities of & basin area., A particularly
good example of the limits of gas flushing is
in Cklahcoma end Arkansas vhere all traps in
the Arkome [McAlester] Basin are filled with
gas to the exclusion of oil, the oil being
found in northern Oklahoma and Kansas [Fig. 8].
A similar picture results from an asnalysis of
Frio and Anahuac accumulations in the Gulf
Coast area, and a stgucture map of the Sweet-
grass Arch, Mont., »~ explains why there is no
oil at Plncher Creek, Alta., and why gas is
trapped downdip at Pondera, Mont .

In 195k, we completed a detailed scien-

ities of the Foothills belt of Alberta, Canada.
The conclusione and deductions were controver-
sial then, but have been substantiated by sub-
sequent exploration. These firndings were re-
ported in a study of the accumulations of oil
and gas 1n Western Canade presented in
1959,15,26 and are repeated here. The con-
clusions are as true today as they were eight
years ago. The Alberta Foothills might have
been one of the most prolific cilfield areas of
the world, had it not been for the fact that
the upper 15,000 ft or so of the geological
section are contirental depcsits and contaln no
source beds. Tt is also unfortunate that the
Foothills belt lies almost entirely west of the
1imit of gas flushing in the Mississippian
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- Madison aquifer. Oil and gas in Foothills

structures are essentially remigrated gas
andfor ¢il which were originally trapped in
buried topography at the post-Mississippian
erosicn suriace or in stratigraphic sand pinch-
outs associated with marine shales in the
Mesozole section. Accordingly, it was pre-
dicted that there would never be another
Turner Valley field and that all future
Mississippian Foothills discoveriles would be

gas-condensate fields. Furthermore, on account

of the time sequence of migration of oil and
gas and the folding, it was also predicted that
most Foothills Mesozoic reservoirs would be

filled with salt water, unless a stratigraphic

or terminal trap had had Foothills structure
superimposed on it. After more than 50 years
of aggressive exploration and meny millions
of doliars, searchers in the Foothills have
turrned up no 0il since Turner Valley.

The next question was--vwhere are all the
oil and gas from this great supply basin? It
wag concluded that this is the explanation for
the gigantic size and location of the Athabasca
bitumincus sands whilch cccur at the highest
culmination on the pre-Cretaceous unconformity
and contaln irn excess of 625 billion bbls of
oil. It was also predicted that Saskatchewan
and Manitoba would never become great gas-
producing provinces and that it was utter folly
to base future gas and o0il reserve estimates on
a cublc-mile factor alone. Unfortunately,
this was the basis of the estimates which were
submitted on the future potential of oil and
gas in Western Canada.

Terminal Traps and Synelinal 011 Poc;slslL

Two types of synclinal ©il pools are
known: those in blanket-type sands in which
the oll accumulsaiation is trapped far down
the plunge of syneclinal structures, and the
shoestring sands, in which the oil lies in
synclinal siructures or in the downdip part of
a8 lenticular sand body. When gas accumulates
in & terminal trap such as a sand pinch-out or
on a geanticline, gas displaces oil and water,

‘backing them down the dip out of the culmina-

tion of the trap and into cynelinal pesitions
and depressions below the gas cap. These are
commonly referrsd to as synelinal oil pools
and gave rise to the term dry sands in the
Appalachian region. Before the gas and oil
accunulated, the reservoir was filled with
water, and the water now cccurs down the
plunge below the o0il columa. This is illus-
trated by Fig. 9, A and B. There are many
examples of synclinal oil such as in the
Hugoton-Panhandle field, Tex. [Fig. 11], the
Carthage gas field in East Texas [Fig. 12],
and the Appalachian gas fields [represented by
the Griffithville pool, W. Va., Fig. 10].
Other good examples are the Dahlquist pocl

{16 0il wells] in the Cutbank fisld, Mont., in
the Smiley field, Sask., the Monroe field, Ia.,
and in the Big Trenton gas fields in Indiana.

In every case, accumulation of oil and gas
1s in accordance with the structural thsory of
accunulation and the apparent absence of water
in the sands is simply due to the fact that it
has beern displaced out of the anticlines and
higher parts ©f the synclines by large quanti-
ties of gas. The absence of water In these
sands seens nc more puzzling than its absence
in the gas cap of an anticlinal structure.
There are thus no known exceptions to the
gtructural thecry.

MODIFYING FACTORS

Hydrodynamic Gradients m/

Hydrodynamic conditions causing tilt of
interfaces and flushing of shallow traps are a
fact and have been adeguately proved. Tilts up
to a maximum of 850 fi/mile are known. The
average is about 100 ft/mile, and while much
greater tilts and anomalous effects are readily
demonstrated in the laboraitory, they have so
far not been found in nature. If hydrodynamilc
conditions actually existed such as to cause
flushing of o0il from & reservoir, the result
would be to cause the oil to migrate downdip
and accumulate in a downdlp energy trap, leaving
any gas caps in an updip position. This is
exactly the reverse of the anomalous conditions
found in nature.

Most hydrodynamic gradients measured today
are downdip into the basin. These gradients
are obviously superimposed. At the time of
primary migration, aad probsbly during sscon-
dary migration, hydraulic gradients must have
been updip, due to the expulsion of large
volumes of compaction fluids. BSuch gradients
would augment buoysncy and help migration.
Differential entrapment alone is thus respon-
sible for the selective trapping of oil and gas.
In most cases, present hydrodynamic tilts are
superimposed on former hydrostatic accumula-
tions. A strong gradient might cause an oil
accumulation to move down plungs out of the
culmination but this would always be revealed
by the irreducidle minimum cil saturation re-
maining in the former hydrostatic accunulation.
In such cases, the hydraulic theory is not an-
exploration tool, but is a development tool.

It is a valid and valuable concept, but has
decided limitations which have not been recog-
nized. If the culmination is dry and thers are
no 0il shows, then there will be no o0il in an
energy trap downdip.

The importance of hydrodynamic entrapment
as. g _development tool is 1llustrated in Fig.
15,2 which ghows oll accunmulations in the
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Stevens sand in the San Joaquin Basin, Calif,

- The age of the reservoir is Miocene; the age of

the structure, post-Pliocene [Pasadenan
orogenyl]. Thus the oil is in all probability
remigrated oil. All three accurulations occur
in energy traps formed by a strong hydrodyrpamic
gradient [in the order of 300 ft/mile], giving
rise to highly tilted oil-water interfaces.
North and South Coles levee are fillled to the
spill point. As shown in Fig. 13, oil spilled
updip from the Paloma field, southeast, where
0il and wet gas are trapped downdip in accord-
an¢e with the principle of differential entrap-
ment. The oil entered South Coles lLevee at A,
filling it tec the spill point at B. 0il
spilled across into North Coles levee and
filled this.energy trap to capacity. North
Coles Levee has two spill points, C and I,
causing oil to spill northeast into the Ten
Section field and west into the east pool of
the Blk Hills field. Just west of the map
boundary is a saddle beitween the east and west
pools of the Elk Hills field. 0Cil filled to the
spill point in this saddle and spilled south-
west inte the west pcol.

A1l three fields shown contain much more
0il than the cgpacity of the structural trap in
each field. Therefore the hydrodynamic gradi-
ents must have existed at the time of accumula-
tion. The oil must have migrated updip and
could not have been flushed downdip by a hydro-
dynamic gradient. Note that oil occurs at the
culmination in all threse structures, sc that
hydreology would not help in their discovery but
would be valuable in their development. While
records are incomplete due to their confidential
rnature, exploration to date would zppear to
substantiste the foregeing concluslons as only
two oil fields [Sage Creek in Park County and
North Tisdale in Johnson County, Wyo.] can be
attributed to discovery by the application of
hydrology. .

Solution Gas

Up to this point, the effect of solution
gas in the ©il has purposely been disregarded
as this complication tends to confuse presenta-
tion of the underlying principle of differential
entrapment. . Actually, the oil is saturated with
gas and, in migrating updip, gas is counstantly
Peing evolved with decrease in hydrostatlce
pressure. Thus, at the time of migration every
01i-Tfilled trap beyond the updip point of
accunulation of primary gas will have a
secondary gas cap of solution gas. The size of
these secondary gas caps 1s dependent on two
physical requiremenis--first, the amcunt of oil
Passing a specific trap, and second, the height
of its oil-water interface above the downdip
spill point. In Fig. 14, the upper diagram
shows .an accumulation of o0il in which the oil-
water interflace is &t the downdip spill point.
If primary gas was trapped downdip, this

&bove the downdip spill point.

secondary gas cap is evolved only from the oil
contained in the trap. Once filled, sny more
01l would cause coil to spill updip without loss
of pressure, so the gas cap would not be further
enlarged. In the lower diagram, however, the
oil-water interface is at a specific height h

In this case the
gas cap continually grows as more oil passes

the trap and gas is evolved with the drop 1in
pressure. The oil and gas are intimately asso-
ciated and are in equilibrium for the reservoir
temperature and pressure in each specific trap.
If the area of entrapment is subJjected to
degper burial with geologic time, many of thesge
secondary gas caps disappear and with further
burial, the oll becomes underssturated. The
point when the gas cap diseppears is known as
the saturation or bubble point pressure of the
reservoir. As saturation pressures of under-
saturated oll pocls remain unchanged with deeper
burial [increased pressure}, they serve to date
the geclogic time when the secondary sclution-
gas gas caps disappeared.

Saturation pressures are the most accurate
means of determining the time of final accumula-
tion in & specific reservoir. Care must be
exercised to be sure that all primary gas has
been trapped downdlp, and that no gas was
evolved from oil that passed by. It must be
either a terminal trap or cne similar to the
first example illustrated in Fig. 14, where h
equals zero. The saturation pressure in such a
trap corresponds very nearly to the hydrostatic
pressure at the time of accurmulation in this
trap. :

Cther Possible Modifying Factors

Seepages are usually associsted with
excessive reservoir pressures [Norman Wells,
NWT, Canadal. As erosion cuts down closer to an
accumulation, the resulting pressure opens the
fractures in the overlying rocks, permitting
geepage. When the excess pressure has been
dissipated, the fractures clese. The vertiecal
escape of oil and gas at depth is much rarer
than surface evidence would suggest, seeps belng
largely superficial. Seepages themselves are
not common--migration across coarse-fine rock
interfaces is impossible, while fractures and
Faults are probably tightly closed at depth.

Regional tilt superimposed on accUmulations
also modifies them by decantation. But regicnal
tilt if shown in true scale cross-section 1is
relatively slight and little spilling would
occur., Reglional orogenic movements, however,
might cause remigratign and a redistribution of
oll end gas. An example is the gas and condenw
sate fields In the Foothills of Alberts and the
Rocky Mouritain states [Fig. 13].

TIME OF ACCUMULATPION )
It will be quite apparent to anyone that
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~and gas accumulation in Alberta,5

if no trap exlsis at the time of migration,
there can be no accumulation of oil or gas.

The relative t{ime of migration and the time of
formation of traps is most important for oil or
gaes accumulation to cccur. Traditionally, two
factors have been prersquisite to any geclogical
gearch for sccumiulations of petroleum: source
beds, and structure. They are fundemental, but
time is a fourth dimension of egual importance.
Formation of structure musi have preceded migra-
tion for agcumulation to result; cbviously,
those structures formed after the oil and gas
have passed will be dry.

The time of formation of traps dates the
earliest time of any accumulaticn. It is the
age of the structure, rather than the age of
the reservolr rock that limits the time of
accumuliation. Stratigraphic traps, reef traps,
marine shoals, and depositional draping and
onlap on buried topography are traps that occur
early in the history of the reservoir rock.
Traps formed below an unconformity or by
differential compaction and draping form some-
what later in the history of the reservoir rock.
Structures formed by tectonic deformation may
be formed, by comparison, very much later.

While the time of formation of traps does
not in itself date the exact time of accumula-

tion, &t least it fixes the time before which

there could be little or no accumulation. By
pure a pricri reasoning, based on a study of
thege three--compacticn, tilt, and structure--
the time may be worksd out without reference to
the actual content of the sccumulations. How-
ever modifications in the oil and gas, both
during and after migration, give effective
evidence on which to base more accurate dating.

Time of Accumulaticn Based on
Capacity of Traps to Hold Gas

Changing depth, either by deposition or
erosion at the surface has a marked influence
on the gas capacity of the trap. This capacity
varies directly as the pressure and inversely
&s the temperaturs,. and is & function of depth.
For instance, levorsen demonstrated that the
Oklahoma City field, at a depth of 6,200 fi,
holds 200 times the volume that it could at sea-
level and, since it was almost full when dis-
eoveread, accumulation must have occurred when
its capacity for %as was comparable to that at
the present time. 3 As Permian strata are
exposed at the present erosion surface, Permian
ig the earliest time of final accumulation-~-
it might have been even later.

The application of each of these principles
has been discussed in detail as gpplied to oil
It was con-
cluded that the repid twofold increase in
regional tilt following the Nevadan orogeny

probably abruptly initiated secondary lateral
nigration. Time of formation of traps in the
Nisku by differential compaction over the Leduc
reefs was probably not effective until mid-Upper,
Cretacecus time. This was also the time of
accumulation in the ILeduc reefs, based on an
analysis of their gas capacity.

Time of Accumuletion Based on
Saturation Pressures

This is cne of the most exagt methods for
determining the time of migration and accumula-
tion of o0il and gas. However, 1t is fraught
with pitfalls. To use this method successfully,
it is necessary to have a clear understanding of
the principle of differential entrapment and the
other factors involved, such as the behavior of

hydrocarbors and their phase relationships. We
became aware of this phenomenon in 1953 and
developed the method of application. The idea,

however, is not entirely new. In regard to the
East Texas field, M. G. Cheney suggested that
undersaturation is related to depth of burial,
‘and he interpreted this TO represent the reser-
“VOlr prescure &t Lo Lime &ccumulation ceased.28
B small gas cap occurs in the southéast part of
the East Texas field, in a separate downdin
closure, isolated from the main reservoir, and
there is a "great abundance of gas® in varicus
Woodbine structures at the southwest. This
appears to indicats that the East Texas field is
a terminal trap snd that no primary gas eptered
the East Texas resesrvoir. If it can be demon-
gtrated that this is the case, then Cheney's
computation of the time of accumulation was
correct. This places the time of migration and
final accumulation near the top of the Navarro,
or at the close of the Mesczoic,

lees used similar reasoning in discussing
the Zubair field in Iraq.2Y He pointed out that
the Third Pay [lower Cretaceous] is undersatur-
ated wlth gas to the extent of about 2,000 psi
and concludes that the present saturation pres-
sure possibly repressnts the hydrostatic head
&t the time of migration [actuzlly, at the time

-of disappearance of the sclution gas capl, when

thers was only a Middle and Upper Cretaceous
cover, and that migration coincided with Upper-
Cretaceous movement.

An analysis of saturation pressurss in
gseveral of the ILeduc and Misku accumulaticns of
Upper Devonian age demonstrated that these did
not accumulate until about mid-Cretacecus time.2
Saturation pressures at Redwater, which iz a
very large updip accurulation with 1-1/2 billicn
bbl of 0il in place, probably indicate that
flush migration and accumulation occurred about
the close of Lower Cretaceous time [mid-Viking]
and the saturation pressure at Wizard lseke, the
farthest downdip undersaturated reservolir,
probably indicates that essentially all migra-
tion ceased by mid-Upper Cretacecus [mid-Belly
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River] time. In summary, flush migration znd
accumulation in Leduc and Misku reservoirs must
have occurred during early Colorado [Viking]
time. This fell off rapidly during Upper
Colorado time and appears to have ended by Lea
Park time. -

Baged on saturation pressures at Lloyd-
minster [Alta.-S8ask.], oil in these basal
Cretaceous reservoirs accumulated sbout mid-
Upper Cretaceous [Iez Park] time arnd this is
also likely the time of accumulsation of the
bitumen in the giant Athabasca deposit. 4t the
time of accumulation, this.was a normal oil
field with an oll-water interface at +700C ft
and a gas~0il interface at about +1,000 ft
above sea-level. Tt 1s now exposed by ercsion
by the Athabasca River. Saturation pressures
at Norman Wells also indicate an early.
Cretaceous time of accuwmulation. Saturation
pressures thus serve to date the time when
final accumulation ceased. A large accumila-
tioa [such as East Texas] would give the best
indication of the time of flush migration, while

the farthest downdip undersatursted oil accumu-

lation would indicate the approximate time when
final accumulation ended.. '

- STRATIFIED OIL COLUMNS

~ column,

Formerly, segregation of oil gravities was
the explanation offered for stratification in a
reservoir. The light ends were believed to
separate from the oil by bucyancy. But miseci-
ble liquids cannot separate in this way. At
Kettleman Hills in California, for example,
68.3%API o0il oceurs at the top and this grades
down to 34,20APT o0il at the bottom. OCne way
in which stratified reservoirs might result is
illustrated in Fig. 15. As already mentioned,
changes of pressure have an important effect
on phase relationships! the greater the pres-
sure the more gas will go into sclution; as
pressure reduces gas is evolved. A similar
mechanism governs the condensates in gas: the
greater the pressure, the richer the conden-
sates in the gas phase. With reduction of
pressure, the condensate condenses out of the
gas until eventually 1t becomes a dry gas. The
condensate is flushed updip by the simple
mechanics of differential entrapment and gas
flushing.

Fig. 15 shows condensate accumulating
below a gas cap in the lowest trap. = Due to
expansion of the gas, some condensate has
spilled updip into the next trap, explaining
accumulations of white cil, or condensate in
some pools. The highest trap shows a layer of
condensate beneath a gas cap and above an oil
If there was any oil in the second
trap, it would have been spilled updip by the
condensate. Different gravities of oil must
accunulate in a reservoir according to their

gravity and this appears to be the logical

explanation of stratified oil reservoirs. A
tar mat is shown in the highest trap. This is
probably caused by bacterial cyclizetion.b:9
If this had been present before the condensate
accumulated, the condensate would have accumu-
lated below the seal.

HOW CAN THE PRINCIPLE CF
DIFFERENTTAL, ENTRAPMENT BE USED?

Differential entrapment is reviewed in
Fig. 16. The simplest succession is ncn-
assoclated wel gas in the deepest structure,
followed by a structure having an oil column
with a gas cap, then one or more traps filled
with oil and no gas, and, finally, water. Note
the updlp limit of gas flushing shown by the
open arrow [all downdip traps will be Filled
with gas]. ©Note also the updip limit of oil
showz by the solid arrow. Beyond this point,
all updip traps are dry.

Iet us assupe that the exploration people
have discovered a beautiful, large structure.
It looked like a sure bet but drilling resulied
in a dry hole. It is unfortunate that the test
was dry but has all the money been wasted? No!
Veluasble new geological information is always
obtained. Why was the test dry? Was it
located too far updip? --beyond the updip limit
of cil migration? As shown in Fig. 17, it is
necessary to move downdip to find oil.

Both early and recent drilling in the Big
Horn basgin was unsuccessful because shallow
updip structures around the margins of the basin
were dry. They never had any oil in them,
They were beyond the limits of cil migration.
They were not flushed by & hydrodynamic gradi-
ent. Other exampies are the Burns Dome in
Kansas, the Kevin-Sunburst dome in Montana,
Sage Creek in Wyoming, Bunker Hill in Wyoming,
and the Artesia dome in New Mexico.

When 8 wildeat results in an oil discovery,
it is most important to determine if the +trap
is filled to the spill point. Fig. 1B8-A shows
that it 1s necessary to move downdip if the
structure is not filled and Fig. 18-B shows
that o0il ghould be trapped updip, if the dis-
covery 1s filled to the spill point, and that
0il, with or without a gas cap, may be expected
in a downdip trap. '

Any time a wildcat makes a gas discovery,
it is essential tc establish whether the gas is
associated or non-associated before the gas is
shut in or put on production. That is, is there|
an cil column? Time and asgain, oil companies
have discovered large gas fields and have eithen
shut the well in before establishing a gas-water
interface, or have produced the gas for its
condensate, flaring the dry gas for lack of a
market. A classic example is the Turner Valley
fieid in Alberta. In 1924, Roymlite No. L
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discovered a large gas-condensate field and 12
years elapsed before oil was discovered below
the gas cap in 1936. By this time many bil-
lions of cublc feet of gas had been wasted and
irreparable damages had been done to the oil
accumulation. Turner Valley has a 3,000-fi gas
cap and a 2,100-ft cil column.

Fig. 19-A shows an 0il column. This means
that in all probability only gas will occur
downdip, ahd updip traps can be expected to
contain only oil. It is also necessary to keep
in mind that there may have been a gas cap
vhich has gone into solution with increased
pressure [Fig. 19-B]. If this is the csse,
then the trap will not be filled toc the spill
point and the interval betwesn the oil-water
interface and the spill point will have an
irreducible minimum oil saturation.

Fig. 20 illustrates a gas discovery in
which a gas-water interface has been estab-
lished. Then, all downdip traps will be filled
with gas; to find oil, it is necesszary to move
updip. The next updip trap may be all gas or
will probably have & gas cap if oil is dis-
covered. The gas-water interface need not be
at the spill point [Fig. 20-B]l, as further
burial may have decrsased the volume of the
gas.
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has a ga- cap aad is pilling aif upidip iuta Teag 01,
Trap VEL is wow fifled with il but stilf bas nu. gas vap.
Trap 1V is dey.

Salution
g

D. Migration same s for ©.but ualer sifferent steurlurol

relationships, Nute thut height of ralminatinn has ne
#ffert g seleclive Iriapping ; elevatiun of apill point
is the controlling ferturr. Height of culmination abose
spill point determines the maximum poy section.

(A solution-gas gas cap has furmed in Trap 111}

Fig. 3 - Accumulation of o0il and
gas in a simple trap under hydro-
static conditicns. (Redrawn after
Gussow, 1+25 4 Fig. 1.)

E. Migratios same ax fur C. Here all culminations sre at
samse elevation, Spilt peints conteal differential
ealrapmient.

Fig. 4 - Differential entrap-
ment. Three stages (A, B,

and C} in the migration and
accumulation of o0il and gas

in interconnected traps. C,
B, and E represent the same
stage in migration but under
different structural relation-
ships. (Redrawn after
‘Gussow,1:2; 4 Fig. 2.)




=
Regional migration path
Local migration path

LY Fig. 5 - Suhsurface structure map show-
ing migration path of o0il and gas enter-
ing an anticlinal trend along west
margin of large supply bhasin. Contour
interval, 25 ft. (Redrawn after
Gussow,? Fig. 3.)
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T : Fig. & - 0il and gas accumulations in leduc reefs on
the Bonnie Glen - Wizard Lake Reef Trend, Alts,,

: . Canada, showing fluid content of leduc (D3) and nisku

3 ' (02) traps. Maximum pay sections are indicated for

L leduc reservoirs. (Redrawn after Gussow4 Fig. 4.)
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Fig. 7 - East Coalinga extension field,
Fresno Co., Calif. (Redrawn after L. S.
Chambers? Fig. 15.) Gas is trapped down-

dip in northern culmination; and no gas
cap 1,000 ft. higher

in southern culmina-
tion. Scale:

sections are 1 mile sgq.
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Fig. 8 - Gas flushing in the Atoka
sands, Arkoma Basin, Okla. Gas only
occurs downdip in the basin; oil
occurs updip north of the updip
limit of gas flushing. (Redrawn

and updated, after Gussowl4 Fig. 4.)
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TERMINAL TRAP

Fig. 9 - When gas accumulates in

a terminal trap, oil and water are
hacked downdip and oil occurs in
sinclinal traps.

[::] Gas
[ ] oit
[:] Water
o ! 2z 3
Miles

Fig. 10 - Synclinal oil accumulation, Griffithsville
or Big Cresk Pool, Lincoln Co., W. Va. Contoured

on berea sandstane, Contour interval, 20 ft.  All
contours below sea level. (Redrawn after Davis and
Stephenson,%) oil and water have been bkacked downdip
into synclinal troughs by large gas cap which fills
anticlines and updip parts of synclines,

T

DALHART
BASIN

YHOIVING

Fig. 11 - The giant Hugaten gas field,
northern Texas panhandle, Oklahoma pan-
handle, and southwestern Kansas, showing
synclinal accumulation of oil. 0il and
water have heen backed downdip and oil
is trapped in synclinal pockets below
the gas cap. (Compiled from various
sources.)
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Fig. 12 - Synclinal oil occurs helow large gas cap in
the Carthage gas field, Panola Cao., Tex.

R.24E.

11,000 ——

T.308. T.305S.

T.315. 1.315.

Fig. 13 - Hydrodynamic accumulation of oil
in Elk Hills, Nerth and Scuth Coles Levee,
and ten section fields, San Joaquin Basin,
Calif., (Redrawn and modified after Hoots,
Bear, and Kleinpell,?d Fig. 4.) Contoured
on Stevens sand. Note strong eastward tilt
of oil-water interfaces.
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Fig. 18 - Occurrence of strati-

. fied reservoirs, after Gussowi®
14 - Solution-gas

Fig. as caps, Fi 5 6 p: )
after GussowlO Fig. 4, 11 Fig. 1. g- 2, 9. 2.
Magnitude is determined by height
h above downdip spill point.
ALL DOWNODIP _ — QIL WATER ——
“7 TRAPS FILLED $
WITH GAS

ALL  UPDIP

1 TRAPS FILLED
= one or morg WTH WATER SRY HOLE |
 TRAPS FILLED -
WITH  OIL
DFFERENTML ENTRAPMENT

Fig. 17 - What a dry hole should
mean te an o0il finder:
dip to find oil.

Fig. 16 - Differential entrapment
summarized.

move down-




WELL |

.is filled to the spill point, oil
will occur both updip and downdip.
If the trap

GAS CAP |

Fig. 18 - How an oil discovery Fig. 19 - The meaning of a |
should be analyzed:

if the trap cap: gas will be found dow

is not full to the
updip traps will be
downdip traps will contain

spill point,

+~— GAS oL — A

~" _SPILL
POINT

B
~— GAS oL —

' “'X_*Au

POINT
GAS WELL !

Fig. 20 - How a gas discovery
should be followed up: all
downdip traps will bhe filled
with gas; it is necessary to
move updip to find oil,

opil will occur updip,
filled to the spill point,.




