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ABSTRACT

Oil and gas pools in shallow basins or on the shallow, stable shelves of
deeper sedimentary basins may not bg exceptions to the model of a hot deep
origin of petroleum. The oil in shallow basins is directly associated with
faulting extending out of the deepest parts of the basin. Evidence exists that
some of these shallow basins have been much hotter in the past either from
igneous activity or from'a higher geothermal gradient. Uplift and erosion may
also have removed substantial thicknesses of sediments in some of these basins.

0il on the stable shallow shelves of deep basins may have originated in the
deeper part of the basin and undergone long lateral migration to the traps where
it is now found. Conduits for such migration have been sandstones in delta-
distributary systems (eastern Oklahoma and Kansas), reef trends (Alberta,
Canada), or regional porosity and permeability in sheet carbonates (Anadarko

basin, western Oklahoma and Kansas).

-l/Part of a paper given at the American Association of Petroleum Geologists
Annual Meeting, Dallas, 1975, and received the Matson Award.
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The model applied herein allows us to (1) predict which areas of the stable
shelves of deep basins should produce hydrocarbons and which areas should not,
(2) predict the type of hydrocarbon (gas or oil), (3) set the limit of lateral
updip migration of hydrocarbons within any one formation in a basin, and (4)
predict the downdip occurrence of hydrocarbons in the formation. The model
should also help us determine which shallow cratonic basins should prqduce oil
and which should not.

INTRODUCTION

0il and gas accumulations in shallow sedimentary basins (sediment thicknesses
equal to or less than 20,000 ft (6.10 km) and accumulations on the stable
shelves of deeper sedimentary basins appear to contradict the model of a hot
deep origin of pétroleum'(Pfice, 1976). However, a review of oil occurrences on
stable shelves and in shallow basins shows that their geology does fall within
the requirements of the model. Examples are given to show how the model can be

applied to shelf and shallow basin exploration.
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SHELF OIL
Lateral Migration

Although only a few would now deny the possibility of lateral oil migration,
a number of geologists still question the possibility of long-distance lateral
oil migration. Yet at Ghawar oil field of Saudi Arabia, which is 140 mi (225
km) long (Arabian American 0il Company, 1959), oil entering the north (downdip)
end of the trap must have traveled at least 140 mi (225 km) to reach the southern
extremity of the trap. Gussow (1955) noted that the Kirkuk field of the Persian
Gulf basin has free reservoir connection along its entire length of 60 mi (96
km). The East Texas field shows free reservoir communication along its entire
length of 43 mi (69 km) (Lahee, 1934). 1If oil fields exist with lengths of 40
to 140 mi (64 to'225 km), it is not difficult to envision possible movement of
at least an order of magnitude larger than this. In fact, Gussow (1975) believed
the o0il making up the Athabasca tar sand deposit could have migrated laterally
as much as 2,000 mi (3,200 km). Momper (1975) believed the oil in the tar sands
of Western Canada has migrated laterally hundreds of kilometers. He also stated
the oii on the Central Kansas Uplift represents a documented case of at least
500~600 km (312-375 mi) of lateral oil migration from the Anadarko basin. Evans
(1975) believed long distance oil migration has been demonstrated in Western
Canada and the Persian Gulf. It is a crucial assumption here that as long as
enough hydrocarbpns are present and adequate porosity and permeability are
maintained in continuous carrier beds, petroleum will migrate updip and on
strike until it is all trapped, lost through seepage, or becomes so heavy and

viscous that it can no longer move.



;-Gussow's Principle

Gussow's (1954) principle of differential entrapment of oil and gas,
combined with the model of a hot, deep origin (Price, 1976), allows one to
describe the hydrocarbon distribution on the shelf area of the basin. As
hydrocarbons move updip into a trap (stage i, Fig. 1), eventually the spillpoint
of the trap is reached (stage 2), and any further movement of gas into the trap
displaces 0il out of the trap and permits the oil to move updip. The trap
becomes totally filled with gas (stage 3) with continued updip movement of
hydrocarbons into it. Any further movement of hydrocarbons bypasses the trap
and continues updip.

Figure 2 envisions the process over time within a series of four traps.
The end result is that all the traps ‘are filled to the spillpoint, with the
downdip traps containing only gas, and the updip traps only oil.

" If the deepest part of a basin is indeed the source of most of the oil and
gas in a basin, then, by Gussow's (1954) principle, in any one stratigraphic
unit the deeper traps would be expected to contain only gas and the shallower
traps Snly oil. Figure 3 represents such a hypothetical basin. Traps over the
basin deep contain only gas (and only dry gas may be expected in some cases).
Updip, a thin areal ring surrounding the deep basin contains gas pools with thin
0il columns. Further updip, oil pools with small gas caps are present. This
transitional stage may not be well defined in some basins. On the stable shelf
only oil pools with no gas caps are found, and the API gravity and gas-oil-~
ratios (GOR) decrease continuously updip in any one stratigraphic unit, as the

oils are subjected to the ever increasing influence of bacterial attack and

water washing.



For hpdip lateral migration to occur, according to Gussow (1954), traps
along the migration route must be filled to the spillpoint at the time of the
migration. However, these same traps may not necessarily be presently filled.
If fracturing or faulting exists in the trap, oill and especially gas may leak
out slowly over geologic time, long after migration has been completed. Also,
if the area received additional sedimentation after lateral migration was
completed, the pressure on the gas pool would be increased, causing the gas pool

to decrease in volume and no longer to be at spillpoint.
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Salisbury (1968) note& that methane has a lower critical temperature than
other hydrocarbon gases and thus always remains a gas in the pressure and
temperature regime that characterizes the deeper reservoirs of the West Texas
Permian basin. However, in this same pressure and temperature range, other
hydrocarbon gases are more commonly condensed to liquids. Thus the distribution
of the heavier ("wet") gases in a basin can also fulfill Gussow's (1954) principle.
IT a gas pool with a methane gas cap and a condensed phase of wet gas becomes
filled to spillpoint, further entry of methane into the trap displaces the
condensed wet gases out of the trap and sends them updip into shallower traps.
Because of the lower pressure and temperature conditions updip, these displaced
liquids return to a gaseous state. The end result is dry gas in traps of the
déep basin and iﬁcreasiné émounts.of.wet gases on the stable shelf area of the
basin. The gas distribution in the West Texas Permian basin (Fig. 4) is an
exaﬁple. Another example is the Arkoma basin of Eastern Oklahoma and Western
Arkansas (Branan, 1968), which produces exclusively dry gas thrqughout the deep
basin. However, towards the shelf of the basin, in Oklahoma, the liquid content
of the gas gradually increases, and on the stable shallow shelf thiﬁ 0il columns
are found under the gas. Further updip, in Hughes County, Oklahoma, small oil
fields with gas caps are found, and further north and west are the rich oil
pools of the shallow shelf area of the Arkoma basin in eastern Oklahoma and
Kansas.

The cracking of heavier hydrocarbons to methane due to increased reservoir -
temperatures‘deeper in a basin also has been invoked to explain such basinal gas
distribution in the past. However, Price (1978) presented evidence that the

process of in-reservoir maturation may not be occurring at the pressures and

temperatures of known oil pools.



Central Kansas Arbuckle Group Production

Walters (1958) restated and provided evidence for Rich's (1931a, 1931b,
1933) earlier hypothesis that the oil in the Arbuckle Group Cambrian and
Ordovician) in central Kansas ("area of interest," Fig. 5) had originated at
depth in the Anadarko basin and had migrated hundreds of miles north to the
shallow shelf in central Kansas. The Arbuckle dolomite in this area produces
oil and some gas at depths of 3,200 to 4,400 ft (0.98 to 1.34 km) from over
15,000 wells. The dips in the area of production are only 1/10 to 1/4 degree
per mile. The hydrocarbons are in the top of the Arbuckle, and either Simpson
Group shales (Ordovician) or Pennsylvanian sediments (due to an unconformity)
form the seal for the traps, which may be anticlines, buried hills, or
stratigraphic traps. The porosity of the Arbuckle results either from dolomization
or from a subaerial exposure with ground water movement that occurred in

Pennsylvanian time.




Figure 6 shows the area of interest of Figure 5 in more detail. Salient
features are the regional southwest dip into the Anadarko basin, and the central
Kansas uplift, a regional high which isolates the shallow Salina basin of
Kansas and Nebraska from the Anadarko basin. Although Rich's (1931a, 1931b,
1933) concept that the Arbuckle 0il in central Kansas had originated far to the
south in the Anadarko basin deep met with severe criticism, he believed that
his hypothesis would stand the test of time and made two predictionmns: (1) the
Salina basin (then the north Kansas basin) would never produce Arbuckle oil and
(2) the southern side of the central Kansas uplift would hold significant
undiscovered Arbuckle fields. Figure 7 shows the oil and gas distribution in
the area of interest, and as Walters (1958, p. 2172) noted "Seldom have a
geologist's prédictions both positive and negative been as abundantly confirmed."
Not only is Arbuckle o0il absent in the Salina basin but the central Kansas
uplift has largely prevented oil in all formations from migrating northward
from the Anadarko basin into the Salina basin (Fig. 8). Landes (1970) noted
that it is an enigma why the Salina basin is barren of 611 even though other
areas in Kansas south and west of it, which have the same structure, stratigraphy,
and geologic history, produce abundant oil and gas. If the oil and gas were of
local origin, Landes' (1970) point is espeéially valid. But if the hydrocarbons
originated from the Anadarko.basin, then the answer to the question could be
that the regional high of the area (the central Kansas uplift) cut off the
northward migration of oil, thus prevent it from ever reaching the Salina

basin.




Walters (1958) provided further evidence in support of Rich's (1931a,
1931b, 1933) hypothesis, with his study of the distribution of Arbuckle oil and
gas in central Kansas as related to Gussow's principle. Gas is present only in
the southwesternmost and structurally lowest traps of the area (Fig. 7).
Walters outlined paths of updip hydrocarbon migration where one passes from gas
pools, to gas pools with thin o0il columns, to large oil columns with minor gas
caps, and lastly to traps with only o0il. He gave examples of traps filled
exactly to the spill point, including the major Kraft Prusa field of Barton
County. Anticlines only a few miles north and east (updip) of these productive
structures are barren, although they are otherwise identical: They contain
porous Arbuckle rocks identical in lithology and stratigraphy to the producing

Arbuckle rocks at similar depths; they have adequate reservoir seals and

structural closure; and they formed at the same time and under the same conditions

as the productive anticlines. To explain these barren structures, Walters
(1958) believed that not enough oil and gas migrated from the Anadarko basin to
£i11 downdip structures so that hydrocarbons could spill updip into the barren

structures.



The known hydrocarbon distribution in central Kansas helps demonstrate how
this model (Price, 1976) can be used for hydrocérbon exploration on the stable
shelf area of a basin. If the hydrocarbons originate in the deep basin and
migrate laterally updip for long distances, they will obey Gussow's (1954)
principle. Thus we may assume that all traps downdip along the migration route
must be filled to the spillpoint. In the present case, the Arbuckle downdip
from the central Kansas production is a viable exploration target; any Arbuckle
traps in the diagonally ruled area of Figure 7, or along the migration route
the hydrocarbons followed through Okiahoma, should contain hydrocarbons.

Landes (1970) noted that the Arbuckle iﬂ southwest Kansas has not been explored,
as it is considered too deep (although it lies at depths shallower than 10,000

ft (3.05 km). Also, hydrocarbon production maps show that no Arbuckle production
has been established in the Oklahoma portion of the migration route the Arbuckle
hydrocarbons of central Kansas must have taken. Howevef, the postulated
undiscovered Arbuckle reserves will be gas only, as the gas pools on the southwest
end of the central Kansas uplift (Fig. 7) show all oil has been displaced updip
in accord with Gussow's (1954) principle. No Arbuckle exploration should be
carried out in the Salina basin because it is too shallow to generate its own
hydrocarbons, agd because tests of nearby anticlines updip from producing

structures have no shows, which defines the updip limit of oil migration from

the Anadarko basin.

/(7




Texas Panhandle

The Texas Panhandle (lower left corner Fig. 5) provides another example of
the use of this model (Price, 1976) in shelf and shallow-basin exploration.
Figure 9 shows the area in greater detail. By the Price (1976) model the Palo
Duro and Dalhart basins are too shallow to generate their own oil, and no
evidence exists that they have been significantly deeper in the past. The
Cimarron uplift, a regional high separating the shallow Dalhart basin from the
deep Anadarko basin to the east, prevents updip lateral oil migration from the
Anadarke basin into the Dalhart basin. The Dalhart basin should therefore be
dry. Due south of the Palo Duro basin (off area of Fig. 9) is the Matador
uplift, a regional high separating the shallow Palo Duro basin from the deep
and productive West Texas Permian basin. The Matador uplift prevents northward
migration of oil into the Palo Duro basin. The Amarillq uplift, another regional
high, separates the Anadarko basin from the Palo Duro basin, and thus prevents
southward migration of oil into the Palo Duro Basin from the Anadarko basin.
On the other hand, the Amarillo uplift is the primary =xploration target predicted
by ny ﬁodel, because it is a fault-block high next to a deep sedimentary trough.
Further, because the Anadarko basin is deep enough to generate its own
hydrocarbons, the interior of this entire basin (upper right corner of Figure

9) is a viable exploration target.




The oil and gas disgribution of the Texas Panhandle (Fig. 10) shows, as
expected, that the Palo Duro and Dalhart basinslare barren. Furthermore, one
of the large hydrocarbon fields of the world, the Hugoton-Panhandle field
(Pippin, 1970), lies on the Amarillo uplift. The field contains 7 billion bbls
of oil-in-place and 70 Tcf of recoverable gas, most of which is in the Wolfcampian
Provincial Series of the Permian System. Although it first appears that the
Hugoton-Panhandle field is an exception to Gussow's (1954) principle of gas
downdip and oil updip, this is not so. The Hugoton-Panhandle should be considered
as a single field in a large anticline with an o0il leg on the northern, downdip
side of the anticline (the Amarillo uplift) and a gas cap which rides over the
Amarillo uplift and extends north through Oklahoma and into Kansas (off Fig.
10). Northward migration.df oil along the uplift was halted by porosity and
permeability changes in the extreme northwest corner of Hutchinson County,
Texas. Porosity and permeability are interconnected throughout the entire
field, as the same gas-oil and oil-water contacts cut across all formational
boundaries in the field. Mason (1968) notes that the gas-producing reservoirs

for thé field correlate through all three states in which the field lies.




Delta Systems

Regional delta systems that dip into deep basins and increase greatly in
thickness downdip are perhaps the most common avenues of transport to carry
hydrocarbons from the deep basins to the shallow shelves. Most geologists in
the past have called upon a local (and apparently random) generation for oil
found in delta sands of the stable shelf. However, according to the Price
(1976) model, the oil in these pools would originate in the deep basin, travel
up faults that cut the downdip portion of these delta-sand distributary systems,
and then migrate off the faults into the sands. The hydrocarbons would then
migrate updip to be caught by subtle stratigraphic or structural traps on the
shallow shelf area of the basin.

This model offers a viable exploration approach for the stable shelf.
Hydrocarbons undergo long lateral migration from the deep basin and are emplaced
in a generally predictable manner in laterally continuou; reservoirs, rather

than being randomly emplaced by local generation and migration.




Eastern Oklahoma and Kansas.--Visher et al (1971) documented such a delta
system on the stable shelf area of the Arkoma basin in northern Oklahoma. The
authors studied the Lower to Middle Pennsylvanian, (Morrowan, Atokan and most
of the Des Moinesian). This represents 400-500 ft (122-152 m) of sediment at
the Oklahoma-Kansas border, 5,000 ft (1.52 km) of sediment 150 mi (241 km)
south of this border, and over 20,000 ft (6.10 km) of equivalent sediment
further south in the Arkoma basin deep. The detailed study was based on surface,
paleocurrent, core and electric-log examinations of more than 5,000 wells. The
authors concluded that their case was well documented for a delta system which
prograded from a narrow channel only a few miles wide at the Kansas Oklahoma
border into a much wider and thicker system to the south. The channel sand was
deposited in a shallow shelf area restricted by marshes and bays. A complex of
distributaries and channels prograded south and east into the Arkoma basin
deep, where extreme thicknesses of sands and shales were deposited. The Des
Moinesian sandstones of the Bluejacket delta system (Bluejacket Sandstone
Member of Krebs Formation in Kansas or of Boggy Formation in Oklahoma) have
producéd over 1.5 billion bbls of oil (Fig. 11) mainly from stratigraphic
traps. In view of the spatial and temporal delineation of this delta system
(Visher et al, 1971) oﬁe can envision how hydrocarbons entered this continuous
system of sand distributaries much further south in the Arkoma basin deep and
migrated updip for long distances before being trapped in eastern Oklahoma and

Kansas on the stable shelf of the basin.




The authors also show that the Prue, Red Fork, Booch, and Skinner deltas
all developed in a similar manner. The Booch delta system was studied in
detail by Busch (1959); Cole (1969) and Dogan (1969) studied the Skinner delta
system; and Hudson (1970) described the Red Fork delta system (Fig. 12), which
directly overlies the Bluejacket delta system. The sands he studied were 150
mi (242 km) long by 20 mi (32 km) wide and included the Red Fork sands as well
as equivalents (the Burbank and Bartlesville) all of the Boggy Formation in the
Cherokee Group of Des Moinesian age. Hudson concluded these were channel sands
that were a part of a large delta system. He found that this delta system also
thickered as it prograded south into the Arkoma basin.

It has been stated that the producing sands of eastern Oklahoma and Kansas
(and other areas, such as the Denver, Powder River and Eastern Venezuela basins)
are isolated, elongate, lenticular sands completely surrounded by shale (Landes,
1970), and that the hydrocarbons they contain were deri&ed from the surrounding
shales (Baker, 1962). However, work by Busch (1959), Cole (1969), Dogan (1969),
Hudson (1970), Visher et al (1971), and others, shows that these sands are not
isolated bodies surrounded by shale, but are continuous sand distributary
systems which extend back to the deep basin environment. The possibility that
the hydrocarboné in these sands have traveled laterally updip for great distances
from the deep basin is compatible with the geology of these systems, and evidence

exists In a number of basins that this is the case.



Powder River Basin.--Hegna (1968) discussed a trend of fields in the

eastern (stable shelf) region of the Powder River Basin from South Coyote to
West Moorcroft which produce from the Fall River Sandstone of the Inyan Kara
Group (Lower Cretaceous) over a distance of 22 mi (35 km) (Fig. 13). Hegna
(1968) noted that the fields are all interconnected, as pressure communication
is maintained through the entire trend. The traps are stratigraphic and consist
of clean sandstone passing updip into shale or tight siltstone. Berg (1968)
studied the sands of the trend and concluded the system was a meandering channel
sand. According to the Price (1976) model, the oil in these fields would have
originated from the basin deep and migrated updip in the delta system of which
this channel sand is a member. The trend of API gravity (Fig. 13) in these
fields is consistent with this concept, because updip from the source of the
oil, API gravity is expected to decrease (Fig. 3). The fact that these oils

are all trapped at about the same depth (and temperature), allows us to rule

out oil gravity differences due to in-reservoir maturation.

Eastern Venezuela.--The Greater Oficina area (Renz et al, 1958), near the

hinge iine of the Eastern Venezuela basin (Fig. 14), has at least 17 fields
that re expected to produce 100 million bbls or more each. The total EUR of
these 17 fields is 3.7 billion bbls (Martinez, 1970); aﬁd Oficina, the largest
field in the area, has an EUR of 610 million bbls. Stratigraphic and fault
traps impound the oil in sands of the Oficina Formation (Oligocene) in all
these fields. Over 100 channel sands with thicknesses ranging from 2-180 ft
(0.6-55 m) produce oil in the area. The sands trend north for long distances

into the basin deep but grade rapidly into shale east and west.



Just downdip from the Oficina area is the Anaco thrust, which trends
N 50° E, dips northwest back to the basin deep, and has 1,400-2,000 £t (427-610
m) of throw. The Tertiary along the basin axis is 30,000-40,000 ft thick, and
a thick Cretaceous section is also present (Renz et al, 1958). According to my
model, the Anaco thrust would have permitted transportation of hydrocarbons
from these thick sediments to the Oficina area.

Renz et al (1958) noted that in the Oficina area, hydrocarbons are always
found in fault blocks towards the bagin, regardless of whether the fault dips
north or south. This suggests that the oil migrated updip from deeper in the
basin, because if the o0il were of local origin it would be scattered randomly
throughout all the fault blocks and not just in the blocks towards the basin.
Mencher et al (1953, p. 769) had previously noted that the normal faults found
on the southern stable shelf of the eastern Venezuela basin '"provide the necessary
traps for oil and gas migrating updip out of the central.part of the basin."

Renz et al (1958) noted that stratigraphic traps in the channel sands of the
Oficina area have an insgfficient source-bed contact for the over 3.7 billion
bbls of recoverable oil found in the area. However, if the Anaco thrust
transported the fluids from the deep basin, the source bed area would have been
mucﬁ larger. Rénz et al (1958) further noted it is puzzling why the Freites
Formation (Miocene) is barren while the Oficina Formation produces in the

Oficina area. The Freites formation conformably overlies the Oficina Formation
and represents a Eontinuation of Oficina type of deposition into the Miocene.

The lithology and environment of deposition are the same for the two formatioms,
which also have had the same structural and geologic hiétory. If the Oficina

oil is of local origin, there should be oil in the Freites. But if, on the

other hand, abnormally pressured fluids traveling up the Anaco thrust encountered
the long, thin, continuous Oficina channel sands first, the fluds would enter

the Oficina sands and thus never have a chance to enter the sands of the overlying

Freites.
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A late migration of oil into the Oficina area is called for because the
faulting that forms many of the traps in the area was a late Miocene-Pliocene
event. The Pliocene orogeny that caused the Anaco thrust also could have
caused the late migration of oil into the fault traps.

Other examples of production on the stable shelf area in sand distributary
systems of deltas are the Cretaceous sands of the eastern stable shelf of the
Powder River Basin, the Creta;eous sand produétion of the eastern stable shelf
of the Denver basin, the Pennsylvanian sand production of the Dallas-Fort Worth
basin, and the Pennsylvanian and Mississippian sand production of the Illinois
basin.

Fold Belts

Large areal basins that have been affected by plate collision and subduction
with subsequent low-angle overthrusting can have large reserves on their
stable shelves. These substantial reserves result from the large amounts of
overpressured water (including dissolved o0il and gas) which move out of the
~ deep basin along thrust faults during deep basin destruction. Hubbert and
Rubey (1959) and Rubey and Hubbert (1959) have shown that such water must be
present for thrusting to take place. The bulk of the fluids moving up these
large thrust faults out of the basin deep (Fig. 15) will first encounter a
potential conduit in the underthrust blocks. The fluids will move off the
faults into these conduits and migrate updip for long distances onto the
stable shelf until subtle traps are encountered. Portions of the fluids,
however, can enter reservoirs in the overthrust block, which can result in

production in the thrust faulted and folded region of the basin (the foldbelt).




The structural style of the Western Canadian Alberta basin is characterized
by thrust faulting and folding, and a large percentage of the basin's reserves
are on the stable shelf in reef trends. Previous investigators believed that
the shales surrounding the reefs are the source for the hydrocarbons in the
reefs, and some have stated that these shales totally enclose the reefs.
However, according to the present concept, these hydrocarbons have migrated
from the deep basin via thrustrfaults, off thé faults and into porous conduits,
and updip for long distances to their present traps. If this is true, then
fields in a reef trend should all be interconnected and we should see Gussow's
distribution of gas downdip and oil updip in any one trend. The Swan Hills
reef trend (Hemphill et al, 1970) of central Alberta (Fig. 16) has in-place
reserves of 5.9 billion bbls and 4.5 Tcf. The producing unit is the Swan Hill
Member (Upper Devonian) of the Beaverhill Lake Formation. The expected
distribution of gas downdip and oil updip is present. When the initial reservoir
pressure of each field is plotted against the producing depth (Fig. 17), the
~fields all plot on the same straight line showing they are all interconnected;

in this case by the Devonian Gilwood Sandstone Member of the Watt Mountain

Formation.




Gussow (1954) previously noted that the beds formed by off-flank reef
debris are excellent pipelines for updip migration of oil in western Canada.
Hitchon (1968) noted that the interconnected reef complexes of the Upper Devonian
Woodbend Group contain the major oil and gas fields of western Canada. Figure
18 shows such a trend in southern Alberta with production in Upper Devonian
reefs. Gussow's distribution is present: gas fields downdip pass into oil
fields with gas caps updip, which give way to fields having only oil further
updip. API gravities as well as gas-oil ratios decrease updip as one expects
by this model. The fields in this area have produced 1.61 billion barrels and
2.56 Tef to 1/1/73 from Upper Devonian sediments of the Woodbend Group.

Other examéles of long distance lateral oil migration onto the stable
shelves of deep basins due to intense structural deformation over the basin
deep are: the Paleozoic production of Algeria; the Jurassic carbonate and
Cretaceous sand production of the Arabian platform in the Persian Gulf basin;
the Pennsylvanian carbonate production on the shelf of the Paradox basin of
. southern Colorado and Utah; and the the production on the stable shelf of the
Appalachian basin.

SHALLOW BASINS

Other apparent exceptions to the model of a hot, deep origin of petroleum
are cratonic basins that presently seem too shallow and too cold to have generated
their own oil but that obviously have generated their own hydrocarbons. The

Dénver, Illinois, Williston, Michigan, North Park, and Paris basins are examples.



Illinois Basin

The Illinocis basin (Bond et al, 1971) is a north-trending spoon shaped
structure (Fig. 19) of gently dipping Paleozoic sediments which thicken southward.
The basin contains 11.7 billion bbls of discovered in-place oil to 12/31/68
(Bond et al, 1971). Major structural features are the east—trending Rough
Creek wrench fault of northern Kentucky and southern Indiana, which separates
the Fairfield basin to the north from the Moorman syncline to the south, and
the north—northwesftrending La Salle anticlinal belt in eastern Illinois.

The Moorman syncline differs from the Fairfield basin to the north. A
thick, black, Upper Cambrian shale in the Moorman syncline is equivalent to
carbonate strata in the Fairfield basin, which are the oldest sediments there.
Lower and Middle Cambrian sediments are probably present in the Moorman syncline.
Further, the Moorman syncline is much deeper than the Fairfield basin. Smith
and Palmer (1974) report a sediment thickness in excess of 20,000 ft (6.10 km)
in the Moorman syncline (not shown in Fig. 19). Bond et al. (1971) reported
- that the deep areas of the Moorman syncline have been extensively faulted,
fractured and subjected to high-temperature hydrothermal mineralization as well
as igneous intrusions. Other igneous intrusions have been encountered in the
area of southern Illinoils, western Kentucky and on the southwest shelf of the
Moorman syncline. Landes (1970) reported peridotite dikes and hydrothermal
mineralization along the Rough Creek wrench fault. Most of this high-
femperature activity took place at the end of the Paleozoic when the major

movement along the Rough Creek fault occurred.




Landes (1970) reported that extensive preglacial erosion has removed
significant sediment thicknesses from the basin. Damberger (1971), from coal-
rank studies, concluded that either extensive erosion had occurred in the
Illinois basin or the basin had suffered excessive heat flows in the past due
to advanced stages of coal diagenesis at shallow depths. Further, data supplied
to this author demonstrate that shales at depths of 1,000-3,000 ft (305-915 m)
have densities of as much as 2.65 grams per cﬁbic centimeter, which shows that
these sediments ha§e been buried much deeper at one time.

The distribution of oil (Fig. 20) within the basin suggests that the high
temperatures from the hydrothermal mineralization and igneous activity in the
Moorman syncline could have caused origin and migration of oil according to the
present concept. The hydrocarbons could have originated from the deep Moorﬁan
syncline, migrated up the Rough Creek wrench fault, and veered laterally off
the fault into the shallower sediments of the Illinoils basin. The west-
southwest trending fault located in west~central Kentucky, south of tﬁe Rough
. Creek fault and east-scutheast of the highly mineralized zone, also c0u;d have
carried oil from the basin deep. The degree qf control the Rough Creek fault
has on the spatial occcurrence of oil suggests that the oil 1s genetically
related to the fault. Landes (1970) noted that the oil fields over the basin
deep of southern Illinois and western Kentucky are all in overthrust folds. As
the distance from the Rough Creek fault increases the structural style of the
oil pools changes to gentle folds with normal faults. Bond et al. (1968) gave
a map showing the 21 producing gas fields of the basin; all but one of these
are over the basin deep. This is to be expected, as the traps over the basin
deep must first be filled to the spillpoint with gas before updip migration of

gas to the shallow shelf (north) area of the basin can occur.
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The Illinois basin is not tﬁe exception to my model that it first appears.
to be, but on the contrary offers evidence supporting it. Although the basin
presently is too cold to meet'fhe temperature requirements of the concept, it
was much hotter in the past due to extensive high-temperature hydrothermal
mineralizatipn and igneous activity in the deepest part of the basin. Shale
densities and coalvmaturation show the basin was either deeper or hotter, or
both, in the past. The main feulting in the basin has a profound influence on
the spatial distribution of the o0il, and fields over the basin deep are all

associated with faults.




williston Basin

The Williston basin (Landes, 1970; Ashmore, 1971; Hansen, 1974), with
17,000 £t (5.18 km) of sediment at the deepest point, appears to be an exception
to the present hypothesis. The basin (Fig. 21) was structurally active from
Middle Ordovician to Late Cretaceous time. The sediments are a thick Cambrian
to upper Paleozoic sequence, a Mesozoic section of thin Triassic and thinner
Jurassic-Cretaceous, and a thin Tertiary cover in the middle of the basin.
Carbonates dominate the Paleozoic section, which also includes evaporites and
minor shales. The Mesozoics sediments are mainly clastic. The Nesson and
Cedar Creek anticlines are the main structural features of the basin. The
Nesson anticline trends north for over 100 mi (161 km), plunges south, and is a
large, long, low fold with many nodes and saddles along its entire length. The
Cedar Creek anticline, also over 100 mi (161 km) long, is asymmetrical and has
a steep southwest flank. The axis rises and falls along the entire length of
the structure, again creating a series of nodes and saddles.

The main production in the basin is from the Paleozoic sediments, th the
Mississippian having yielded about 75 percent and the Devonian 10 percent of
the production. Most of the basin's reserves are along the Nesson and Cedar
Creek anticlines in sediments of the Madison Group (Mississippian) and also on
the northeast shelf of the basin (southeast Saskatchewan and southwest Manitoba),
where again Madison Group sediments are the main producers. The EUR for the
basin is 2.15 billion bbls (Hansen, 1974).

The production in the Williston basin is either directly associated with
faults or updip from faults. Dow (1974) noted that there are documented faults
along both the Nesson and Cedar Creek anticlines, McCrae and Swenson (1968)
also noted that the west flank of the Cedar Creek anticline is faulted. Thomas
(1974) documented extensive block~lineament faulting in the Williston basin

that is closely associated with the oil production.
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Dow (1974) carried out an extensive geochemical study of oil-family source-
bed relationships in the Williston basin. He found three oil families (with
their source rocks) in the basin. The shales of the Upper Devonian and Lower
Mississippian Bakken Formation generated the oil found in the Mississippian
Madison group. The shales of the Middle Ordovician Winnipeg Formation generated
the o0il found in the lower Paleozoic sedimentary rocks (Ordovician, Silurian
and Lower Devonian), and the shales of the Lower Pennsylvanian Tyler Formation
generated the oil found in the sandstones of this formation. Dow (1974) concluded
that all Winnipeg generated oil found in the Paleozoic reservoirs above this
source shale was emplaced by vertical migration up faults. The Weldon~Brockton
fault served as such a pathway. Vertical migration of oil up faults on the
Cedar Creek anticline was followed by lateral migration updip (to the southeast)
along the axis of the structure. .

Dow (1974) concluded that Bakken oil migrated up faults to the Madison
Group on the Nesson anticline and filled the traps to spillpoint. Displaced
0oil migrated northward updip along the axis of the structure and off the structure
onto the basin's northeast shelf. Here the oil was trapped by porosity pinchouts
within the Madison or by impermeable Jurassic red shale at the Madison-Jurassic
unconformity. By examining shale thermal maturity, Dow (1974) delineated the
effective source areas of the basin. He found Madison o0il 100 mi (161 km)
beyond the limit of effective Bakken source rocks in the basin, providing

evidence for the extensive lateral migration in this basin.
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Paleozoic basins usually have low geothermal gradients; yet the reservoirs
in the Williston basin are atypically hot. The Alexander field in North Dakota
produces from the Ordovician Red River Formation at a depth of 13,600 ft (4.15
km) at 360° F (182° C). Thus the basin is still warm and could have been
hotter in the past during maximum structural activity. Further, a thin sequence
of Tertiary in the middle of the basin may be the remnant of a thicker section
lost to erosion. In support of this theory, Weaver (1961) found the
transformation of montmorillonite to illite in southern Saskatchewan (northern
shelf of the Williston basin) was far advanced for the sediment depth of the
shales, indicating to him significant erosion had taken place.

The Williston basin therefore is not the gross exception to the present
concept that it first appears to be.

North Park Basin
' Tﬁe North Park basin (Oburn, 1968; and Behrendt and Popenoe, 1969) of
north-central Colorado, with a sediment thickness of only 17,000 ft (5.18 km),
also appears to be an exception to my model. The basin (Fig. 22) trough rums
northwesterly and is cut its entire length by the Spring Creek fault, which has

a maximum vertical throw of 6000 £t (1.83 km).

The oldest known sediments are Permian, and they are overlain by Triassic
and Jurassic, which are in turn overlain by a thick sequence of Cretaceous and
Tertiary. The upper part of the North Park Formation (late Miocene) is made up
of basalts, andesites, rhyolite conglomerates and is a result of the volcanic

activity which accompanied the deformation that resulted in the Independence

Mountain thrust.



The main production in the basin is about 12 mi (19 km) northeast of the
basin axis. Clustered within 5 mi (8 km) of each other are the Battleship,
North McCallum, and Canadian River fields. All three fields are in asymmetrical
anticlines and are cut by major normal or thrust faults with 200-800 ft (60-122
m) of throw. All the faults dip towards the basin deep. The Lone Pine field,

a recent discovery, is in the northwestern part of the basin, over the basin
deep on the Spring Creek fault.

The North Park basin is considerably deeper (8,000-10,000 ft, 2.44-3.05
km, of additional sediment thickness) than the Middle Park basin to the south,
which has had the same geologic history as North Park and yet is barren of oil.

As Newton (1957) and Oburn (1968) both noted, North Park is relatively
unexplored. The dotted area over the basin deep adjacent to the Spring Creek
fault is a very viable target according to my model.

North Park may not be the exception to the model as it first appears to
be. Although the basin is relatively shallow, the heat required by the model
apparently has been supplied by late Tertiary volcanic activity. Also, faulting
associated with the production in the basin is either over or dips back towgrd

the basin deep.

~3

’«}3



Dineh-bi-Keyah

The Dineh-bi-Keyah field (McKenny and Masters, 1968) is on the uplift
separating the San Juan basin of northwest New Mexico from the Paradox basin of
southeast Utah. Only 8,000-10,000 ft (2.44-3.05 km) of sediment are present in
the area; however, the heat necessary by the present model was probably supplied
by any one of a number of igneous bodies in the area. The reservoir rock
itself is an Oligocene syenite which has intrﬁded Pennsylvanian strata. The
host rock of the intrusion is a dense limestone interbedded with gray calcareous
shale. A carbonaceous, black shale is 0-51 ft (0-15 m) above the sill throughout
the field. Because the surrounding host rocks are tight, it is not possible
that the sill "robbed" the oil from a preexisting reservoir. The oil thus had
to originate during or after emplacement of the sill, and McKenny and Masters
(1968) noted a good possibility exists that the oil was "distilled" from the
overlying black shale during intrusion. As of 1/1/73 the field had a CP of

11.5 million bbls and 1.43 Bef.




Denver Basiﬁ

The Denver basin (Beebe, 1968; Landes, 1970; Volk, 1974) of northeast
Colorado and western Nebraska (Fig. 23) has 13,000 ft (3.96 km) of sediment at
its thickest point. Ordovician, Mississippian, Pennsylvanian, and Permian
sediments underlie a thick Cretaceous section, which is overlain by a sequence
of thin Tertiary sediments. The basin is spoon shaped in east-west cross
section and the basin axis borders the Rocky Mountain uplift on the west. The
western boundary of the basin is faulted and folded from the Laramide deformation
(Late Cretaceous early Eocene). The stable unstructured eastern shelf contains
almost all the reserves which are trapped in the D and J sandstones of the
Lower Cretaceous Dakota Sandstone. The two sands are separated by a thin shale
unit, and the J has produced far more oil than the D. The hydrocarbons, as
Landes (1970) notes, moved up the gently dipping shelf of the basin and were
mainly caught in stratigraphic traps.

Beebe (1968) noted that several distinct deltas have been mapped in the
' Denver basin. The sands of these delta systems could provide avenues for long
lateral oil migration from the deep basin. Landes (1970) noted that "marine
bar" sand bodies in Nebraska are entirely oil filled. Considering the present
hypothesis one expects this with long lateral shelf migration of petroleum in
deltaic sand systems. Murray (1957) also note that sand "lenses” in the
Denver'basin are entirely oil filled. Harms (1966) discussed seven fields
which lie on a north trend of at least 20 mi (32 km). Accumulation is in the
J sand, which in the area is 1,500 ft (457 m) wide and 50 ft (15 m) thick,
being a valley fill, shoestring sand in which oil moving updip was caught only

where the sand crossed a southwest trending anticlime.
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Although the ﬁenver basi&$i;'§resently'shallbw, there is evidence that it
was both hotter and deeper in the past. McCoy (1953) stated that the thickness
of the Cretaceous alone exceeded 17,000 ft (5.18 km) in the vicinity of the
Denver basin before the Laramide structural episode. Russell (1961) noted that
it is generally supposed that the thickness of sediments eroded from the Denver
basin increases as one approaches the Rocky Mpuntain front and that the sediments
along the front range were once more deeply buried. Weaver (1961) in examining
the montmorillinité to illite clay diagenesis in the Denver basin, found an
advanced stage of diagenesis for the depth of burial of the sediments, which
led him to conclude that a significant amount of sediments had been stripped
from the basin. Extensive Laramide volcanic activity is now evidenced by lava-
covered mesas ('table rocks') along the front range in the basin. This volcanic
activity would have allowed the basin to meet the temperature requirements of
my model.

Considering the present hypothesis, one expects that the fields over the
- deeper western part of the basin should be faulted; and this is the case.

Parker (1961) showed the Berthoud field to be faulted, and Jensen et al (1954)
showed the Wellington field is a faulted anticline. A structure map (Petromotion,
1973) of the Denver basin shows the Horse Creek and Borie fields to be faulted
and the Boulder field to be just updip from a large fault.

A large gas field (Wattenberg) lies over the deepest part of the basin and
could have spilled the oil onto the shallow shelf area of the basin. This is
supported by Figure 23, which shows gas fields in the western part of the basin
passing into oil fields with gas caps more to the northeast and finally to
fields with oil only to the north. These changes occur along the proposed

migration route of the hydrocarbons from the deeper source area.




Geochemical evidence also exists that the oils of the Denver basin originated
in the deeper part of the basin and underwent extensive lateral migration away
from the source area to the traps where the hydrocarbons are now found.

Swetland and Clayton (1976), in a detailed geochemical evaluation of the
basin, found all the Cretaceous D and J sandstone oils to be of the same family.
They also found much of the shallow shelf area of the basin had source rocks
too immature to have generated the oil found there. They concluded that both
of these facts impiied extensive lateral migration of Cretaceous oils had taken
place from a single source deeper in the basin.

Thus the Denver basin, instead of being a contradiction to the model,
actually supports it. Evidence exists that the basin was both deeper and
hotter in the past, and the distribution of oil and gas in the basin is what is
expected by Gussow's principle of lateral migration. Geochemical evidence
suggests the hydrocarbons originated in the deeper, thermally mature areas of
the basin and underwent extensive updip lateral migration in deltaic sand

- systems.
PRODUCTIVITY

Although some shallow cratonic basins are productive, most are totally
barren. Those that do produce have very small recoveries per unit area (or
volume) (Halbouty et al, 1970) when compared with deeper basins (Table 1).
Shallow basins such as the Black Mesa, Raton, Kennedy, Salina, Palo Duro,
Dalhart, Desha, Tucumcari, Marfa, and South and Middle Park basins have no

commercial hydrocarbon production.




Basins that are shown by maturation indices (coal rank, shale density,
montmorillinite-to-illite clay diagenesis, or organic maturation) to have been
deeper or hotter in the past are viable exploration targets. On the other
hand, shallow cratonic basins that give no evidence of having been either
deeper or hotter in the past, and that therefore could not have generated
petroleum by this model, should not be considered for exploration.

BASIN EVOLUTION |

The evolution of a petroleum basin is a complex process and the present
geologic characteristics of a basin may be far different from those of the
past. Generally, geothermal gradients are higher in the youthful, tectonically
active stage of basin development. For example, Pusey (1973) cited geothermal
gradients of between 5—6°F/100 ft for the prolific central Sumatra petroleum
basin and gradients as high as l4°F/100 ft have been recorded on structural
highs there. After the tectonic evolution of a basin has ceased, geothermal

gradients usually drop off to the low values characteristic of the older basinms.
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Some older basins and some basins with mobile rims have been subjected to
uplift, which has resulted in the loss of thick sequences of sediments. Regional
or local volcanic or igneous activity could have caused temporary excessive
heat flow in a basin, even though the geothermal gradients now may be quite
low. In fact volcanic or igneous activity during the main stage of structural
activity in shallow productive basins appears to be quite common (Illinois,
Penver, Paradox, San Juan, and North Park).

Thus it may be incorrect to assume that the present geology of shallow
productive basins reflects former geologic conditions, especially when maturation
indices show these basins probably have been deeper and/or hotter in the past.

SUMMARY AND CONCLUSIONS

Stable shelf and shéliow basin éxploration can be aided greatly by using
the Price (1976) model and following these points:

1. Explore'primarily on the stable shelf areas of deep basins that have
continuous migration paths Back to the deep basin. Give lower priority to all
areas on the stable shelf that are cut off from the deep basin by regional
highs fhat were present when migration was taking place. |

2. Either gas or oil in traps on the stable shelf of a basin indicate
that the same formation will be productive elsewhere along the migratiom path
the hydrocarbons have taken from the basin deep.

3. In basins where extensive lateral migration has taken place, generally
expect only oil with dissolved gas on the stable shelf area of a basin, and
generally expect gas only in the deep basin.

4. Traps on the stable shelf which are filled to the spill point, or may

have once been filled to the spill point, indicate that production might be

expected updip in the same unit.




5. Exploration on the shallow stable shelf of a basin should be carried
out under the assumption that the hydrocarbons have originated from the deep .
basin and migrated updip onto the stable shelf. Here they were emplaced in
predictable trends, rather than having been randomly emplaced by local generation.

6. Exploration in shallow cratonic basins which show by maturation indices
that they have never been deeper or hotter in the past should be completely
avoided.

This model, when applied to the hydrocarbon distribution in shallow cratonic
basins or on the stable shallow shelf of a deep basin, allows us to:

1. Explain the distribution of gas and oil as a function of basin position.

2., Predict gas or qi; downdip in a productive formation on the shelf of
a basin. o

3. Explain secondary lateral shelf migration and discern predictable
treﬁds.

4, Rule out some areas completely for exploration.
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Figure l.--Movement of gas and oil into a trap at different periods of geologic
time. Modified from Gussow (1954).

Figure 2.--Movement of gas and oil updip into a series of traps at different
periods of geologic time. Modified from Gussow (1954).

Figure 3.--Hypothetical basin in plan view showing o0il and gas distribution in
any one formation one expects by application of the model (Price, 1976).
Contours are total sediment thickness in thousands of feet. Faults (which
are shown by hachured lines) dip back into the deep basin and transport
hydrocarbons from this area. Hydrocarbons move from the faults into
carrier beds. The hydrocarbon distribution shown in the figure results,
and dashed 'boundaries signify approximate nature of this distribution.

API stands for API oil gravity and GOR stands for gas-oil ratio.

Figure 4.--Gas composition in Devonian reservoirs of the West Texas Permian
basin. Solid contours are thickness in feet of Devonian sediments beneath
Woodford shale equivalent (Upper Devonian and Lower Mississippian).

Dashed contours are percent methane in gases in Devonian reservoirs.
Extensive faulting shown by heavy hachured lines on the Central Basin
Platform (regional high east of basin deep) modified from Hills (1968).
This fault would have permitted transportation of the hydrocarbons from
the deep bgsin, including the gases in Devonian reserveirs, which then
migrated north and east. Modified from Salisbury (1968).

Figure 5.--Anadarko basin. Contours in feet on top of Cambrian-Ordovician

Arbuckle Group. Area covered by Figures 6 and 7 shown here as "area of
. interest” in Kansas. Area covered by Figures 9 and 10 shown here as "area
in interest"” in North Texas. Modified from Walters (1958).
Figure 6.--Area of interest in Kansas of Figure 5. Comntours are in feet on

the top of the Cambrian-Ordovician Arbuckle Group. Modified from Walters

(1958).




Figure 7.--01l1 and gas distribution in Arbuckle Group of central Kansas ("area

of interest" of Figure 5). Contours are in feet on top of the Ordovician
part of the Arbuckle. Diagonally ruled area shows updip migration route
of Arbuckle hydrocarbons one predicts using this model (Price, 1976), and
the area of central Kansas expected to contain undiscovered Arbuckle gas

deposits. Modified from Walters (1958).

Figure 8.--0il distribution of Salina basin in sediments of all ages. The oil

and gas (which are in separate reservoirs) in the Forest City basin, by
the present model, would have migrated north from the Arkoma basin (to the
south and off the area of the figure) into the Forest City basin, as there

is no regional high separating these basins. Dashed lines signify indefinite

boundaries bf the Salina and Forest City Basins.

Figure 9.--Area of interest in Texas of Figure 5 (north_Texas Panhandle) with
main structural features. Dashed contours in Anadarko basin portion of
figure are conservative. Modified from Landes (1970).

Figure 10.--0il and gas distribution in North Texas Panhandle (Texas "area of
interest" in Figure 5). Modified from Landes (1970).

Figure 11.—-01% distribution and thicknesses (in feet) of Bartlesville sands
(an economic unit) of the Bluejacket delta distributary system, on the
Arkoma basin shelf of eastern Kansas and Oklahoma. Modified from Visher
et al (1971).

Figure 12.--0il production in a portion of the Red Fork delta system, eastern

Oklahoma. Isopach figures are sandstone thicknesses in feet. The largest .

pools in the trend with their CP to 1969 are Burbank (475 million bbls),

Naval Reserve (51 million bbls), and Lauderdale (20 million bbls). Modified

from Hudson (1970).

Figure 13.--South Coyote Creek-West Moorcroft trend, Powder River basin, Wyoming,

with API gravities of produced oil in parentheses. Contours on top of

Fall River Formation (Lower Cretaceous) in feet. Modified from Berg

(1968), and Hegna (1968).




Figure 14.--Greater Oficina area, eastern Venezuela. Normal faults are shown
by hachures; thrusts are shown by sawteeth. Contours on top of pre-
Cretaceous sediments or crystalline basement. The largest fields along
the Anaco th;ust have a combined EUR of 535 million bbls (Martinez,

1970). Modified from Renz et al (1958).

Figure 15.--Cross section of Turner Valley field, Alberta basin, Alberta,
Canada. In this part area of the basin, the Mississippian Rundle Formation
is the significant hydrocarbon reservoir. Fluids moving up the Turner
Valley thrust fault from the deep basin first encounter transmissive
reservoirs in the underthrust block where most of them enter. This block
has no traps, so the hydrocarbons migrate updip for many miles to form
the rich deposits of the stable shelf of this basin. Fm. stands for
Formation; Gp stands for Group. Modified from Fox (1959).

Figure 16.--Swan Hills trend central Alberta. Contour interval 500 £t on top
of Beaverhill Lake Formation. Modified from Hemphill et al (1970).

Figure 17.--Plot of initial reservoir pressure versus producing depth for
fields producing from the Beaverhill Lake Formation (Fig. 16).- After
Hemphill et al (1970).

Figure 18.--Leduc (Upper Devonian) reef trends in Leduc Formation of Woodbend
Group of Alberta basin, Alberta, Canada. First number in parenthesis
after the field name is API gravity of produced oil, queried where unknownm,
second number is the gas-oil ratio of produced hydrocarbons to 1/1/73
(Int. Oil Scouts Assoc., 1974) in bbl of oil/standard cubic feet of gas.
Production in the Rimbey-Clyde trend shows free reservoir connection, as
does production in the Wimborge¥Bashaw trend. Note that the Pine Dale and

Willingdon reefs which are not connected to the trends are barren. Modified

from Ball (1972).




Figure 19.--Structure map of the Illinois basin showing major faults of the
area. Structure contours are in feet on érystalline basement. Modified
from Bond et al (1971).

Figure 20.--0il and gas production in the Illinoié basin. The large Lima-
Indiana oil and gas field of Indiana and Ohio according to this model
would have originated from the Appalachian basin to the east and migrated
laterally updip to its present position. Modified from Bond et al (1971).

Figure 21.--01il occurrence and structure map of the Williston basin modified
from Hansen (1974). Contours in feet are on top of Mission Canyon Limestone
(Lower and Upper Mississippian). The Weldon Brockton fault is from Dow
(1974). The Cedar Creek anticline fault is from'Petromotion (1974). The
fault (dashed line) ‘on Nesson anticline is approximate. Dashed arrows
show proposed hydrocarbon migration route modified from Dow (1974).

. Stippled area shows most prospective area of basin for future exploration
based on use of the present model. Any structures or stratigraphic changes
along or updip from major faults in this area would be viable exploration
targets.

Figure 22.-Structure map of North Park basin, Colorado, modified from Behrendt
and Popenoe (1969). Contour interval is 2000 ft (610 m) on top of
Precambrian crystalline rock. Dry hole markers after Oburn (1968), and
Behrendt and Popenoe (1969) with updating. Lone Pine field on far western
end of Spriﬁg Creek fault not labeled in figure. Thrust faults shown by
sawteeth. Normal faults shown by fractured lines. Strike-slip faults
shown by lines with opposing arrows. Faults of unknown nature shown by
heavy lines.

Figure 23.--0il and gas map of Denver basin. Deepest part'of the basin is
traced by basin axis in the western part of the basin next to the crystalline

uplift of the Front Range. Dashed arrows show proposed general migration
route of hydrocarbons based on present model and work of Swetland and

Clayton (1976).
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FIGURE 22
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FIGURE 23

gy @» OIL FIELD
PRt GAS FIELD

/ '

G /

_ Y/ WYOMING 0_‘.{ ‘o
o | COLORADO o @k e
8 e

RS

FRONT RANGE ']

>

\
- ‘o
. -
g N
. -
\ o
- N
N4 \
y
-t <
N ’

’




