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Play-Based Common Risk Segment Mapping:

Common Risk Segments (CRS) are geological risk elements for petroleum

exploration or development (commonly reservoir, source and trap) that have
a definable, quantifiable and geographically mappable distribution. The assessments
of CRS segments are the product of judgment by an experienced geologist of the relative
risk embodied in terms such as “low risk of no charge” versus “high risk of no charge” for
example. These evaluations are based on understanding the geology of a region. CRS
evaluations can also be expressed as possibilities for success (POS) as percentages from
zero to 100, or statistical categories such as P5-P50-P95 for probabilistic estimates. In this
report we evaluate risk in terms of a common set of geological risk factors perceived to be
typical of a region (such as the Atlantic Rim).
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have not explicitly evaluated source rock maturity, instead using indicators of charge such as oil shows
and production that confirm oil migration into a region. We have not evaluated land and partnership
frameworks except very generally such as “this is the UP railroad strip, etc.” as these considerations
apply more at prospect level.

Cost, detail
O

Prospect: A potential trap, a successful prospect becomes an oil/gas field when drilled as a discovery, or disappears when
unsuccessful. Many can exist in a single play

Play Segment: A subdivision of a geological play. Fields and prospects that share common geological controls and thus a
common PoS (Possibility of Success) profile.

Play: A group of hydrocarbon fields and prospects having a chance for charge, reservoir and trap; and belonging to a
geologically related stratigraphic unit (eg; the Upper Jurassic play).

Petroleum System: A natural system that links and active or once active source rock to all of the geologic elements and
processes that are essential for a hydrocarbon accumulation to exist in time and space, regardless of economics.
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Concepts and illustrations on this page after Shell Exploration and Production, (2006) Play Based Exploration: A Guide

for AAPG’s Imperial Barrel Award Participants; and De Jager, J., and Stephen Wright, 2006




Tensleep/Minnelusa stratigraphy

Permo-Pennsylvanian Rocks of the Northern Rockies

Tensleep in Southeast Wyoming
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FIGURE 48.— Generalized stratigraphic relations and nomenclature of Upper Pennsylvanian and Lower Permian rocks in Wyoming.

After McKee et al, 1967
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Lower Permian (Wolfcampian) isopachs in Wyoming
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1 Distribution and thickness of “interval A”, “Wolfcampian” =  |--—-—-- =
| Lower Permian rocks in Wyoming and adjacent areas. After
McKee, 1967

\MONTANA
bl

SE Wyoming study ¥ BRSNS

50 I(J)O 15|O 2?0 MILES
P |

Frcure 46.—Thickness of interval A in central Wyoming, eastern Montana, the Dakotas and parts of adjacent States discussed in
this chapter. Isopach intervals 100 and 500 feet. Isopachs dashed where control is poor, dotted where Permian rocks have
not been penetrated by drill. Dark pattern, areas where rocks older than Permian are exposed; light pattern, areas where
rocks younger than interval A have not been penetrated.
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Tensleep Stratigraphy
Southeast Wyoming
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Tensleep outcrop studies in the Laramie and Hanna Basins
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Eolian Permeability variations at laminar (primary strata) scale

Most of the critical flow effects of
eolian cross bedding and cross strata
are due to strong differences in
porosity and permeability between
individual laminations, as illustrated
in the two figures here. The
isolation of permeable laminae by
tight laminae will drastically reduce
sweep efficiency in rocks that, on
standard logs and core plugs, appear
quite permeable. These microfabrics
also create anisotropic sweep
tendencies in the rocks.
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Core from eolian strata in Auk Field, Permian Rotliegend sandstone,
UK. North Sea. Brown laminae are oil stained, red and white laminae
have no oil. After Trewin, Fryberger and Kreutz, 2003
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FiG. 17.—Aecolian core slab with a dense grid of mini-permeameter
permeability readings. Aeolian crossbed set boundaries are indicated

Laminar —scale variability of permeability,
measured with a minipermeameter. After Weber,
1987




Tensleep Formation: Sand Creek, Albany County, Wyoming
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Bottom of log

Sonic-GR log of the Upper Tensleep (Casper) in a
well drilled north of the outcrops. A thick section of
eolian dunes, very porous and permeable comprises the Upper
Tensleep above the Lower Tensleep sand and carbonate section.
In the short distance northward to this well, most of the fluvial
recycling of Front Range PC rocks, and Fountain Formation has

vanished. Thus, the Sand Canyon area provides a glimpse into

how the Tensleep sand sea interacted with the alluvial fans of the
Fountain Formation.

Measured section: Tensleep (Casper) Formation
Sand Creek, Albany County Wyoming
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Upper Tensleep Formation: Flat Top Anticline,

49-007-20631
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Upper Tensleep at Flat Top Anticline, Medicine Bow, WY
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White Rock Canyon, WY, Upper Tensleep

\ 4

Eolian avalanche and ripple
primary strata in unit 17.
Close study of the image
reveals that 80% of the
outcrop is ripple strata,
despite the relatively steep
dips.

The Upper Tensleep Sandstone at White Rock Canyon, east side of outcrop. Our 226 foot (partial)
measured section began in the Upper Tensleep, which in this area is roughly 400 feet thick, based on
well control. It was measured on the opposite (west) side of this cliff where access was easier. It
begins about the middle of the Upper Tensleep and continues to the first carbonate in the Phosphoria
(Goose Egg) Formation. See log this page for comparison. Note the variety of genetic units in terms of
thickness, shape and crossbedding. This suggests that oil recovery factors from these genetic units
would be equally diverse, mainly as a function of the arrangement of primary strata in each, as well as
geometry, lithology, cross-flow between genetic units etc.. Thrust fault zone of deformation shown by
red heavy red lines on image above, and photograph.
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Upper Tensleep thickness Southeast WWyoming

Tensleep thicker than
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Green areas on this map
enclose regions with oil or
gas shows in the Upper

Tensleep, based on
Wyoming Oil and Gas
Commission records of
production, drill stem tests
and some limited core and
sample data. This map also
shows major faults in red
from the state geological
map, and structure contours
subsea on the top of the
Upper Tensleep. There are
distinct, structurally-defined
shows in Wertz, Atlantic
Rim, Baggs, Medicine Bow
and Quealy Dome regions.

Oil shows in Upper Tensleep Southeast Wyoming
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Tensleep reservoir common
risk segment (CRS) map
(quality) based on porosity
and permeability of Upper
Tensleep sandstones.

Contours show net/gross in
Upper Tensleep, with net cutoff
at 65 ms/ft (10% porosity), thus
this is a conservative map. The
map does not consider fracture-
dependent production or
exploration opportunities.
Green, Low risk; Blue
moderate risk; purple, high risk.
Regional faults shown as red
lines, State of VWyoming
basement map as background.
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Upper Tensleep Charge Risk Southeast Wyoming
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Granite Mountain
Contours show subsea top 6,962

Upper Tensleep. Green
shading is low risk; blue
shading is moderate risk;
purple shading is high risk.
Regional faults shown by red
lines, background is Wyoming
Basement map. This map is
based on distribution of known
producing structures at
Tensleep level, and structural
setting. In Southeast Wyoming,
there do not appear to be
stratigraphic traps above intra-
formational (reservoir
heterogeneity) level in the
Upper Tensleep in this region.
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Southeast Wyoming
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Laramie Mountains. State
of Wyoming basement map
as background. Red
outlines show Tensleep oil
fields.
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Trade seismic data in the
SE Wyoming region.
Black lines show 2D data,
red polygons show 3D
surveys. These data are
superimposed on the
combined CRS map for the
region based on this study
(see maps this page). Map
in background is Wyoming
Basement map. Seismic
data courtesy of SEI
Seismic Exchange data
brokers in Houston and
Denver.
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The Quealy Dome low-risk region is
characterized by numerous free oil shows
on drill stem tests. There is Tensleep
production at Quealy Dome, Herrick and
Little Laramie oil fields. The structuration -
as visible on the Wyoming Geological Survey
basement map, and on subsurface contours
(based wells) - is complex. Undrilled
anticlinal closures, overthrusts and fault traps
may remain. The complexity noted by Stone
(1995) is impressive, and one wonders if
older seismic data has imaged this complexity

properly.
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The Big Medicine Bow Low Risk area is
characterized by both production and shows
including the oil-saturated Tensleep outcrop at
Flat Top Anticline. The area is defined by these
factors as well as the structural ridge that separates
it from the Hanna Basin to the west and a “pothole”
basin to the southeast (see structural contours on
map). Tensleep production is from Big Medicine
Bow, Pass Creek and East Allen Lake oil fields on
anticlines related to nearby faults. There are two
sets of faults in the region — those that extend NW
to SE in response to reverse thrusting from the
Snowy Range, and others of more complexity
related to basin boundaries and lateral components
(near Flat top) of Snowy Range thrusts. The nearly
orthogonal relationships of the anticlines in the area
attests to the structural complexity of this region
with very good shows and production.
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The Espy-Atlantic Rim low risk region
encompasses the Atlantic Rim Tensleep
production and shows. Tensleep oil fields
include Espy, Hatfield, Rim and Sugar Creek .
The region may extend southward along the
Sierra Madre structural nose — the Browning 1-
13 in T14N R91W Upper Tensleep produced
570 BO and no water, a good show (green circle
on map). Regional contours hint that there may
in fact be better porosity with depth along the
west flank of the Atlantic Rim. One drawback
hampering exploration in this area is that the
Tensleep tends to tighter than in other areas.
Nevertheless, shows and production indicate
good oil charge into the area if new structural
closures can be found.

. Low risk Tensleep Region

Cretaceous production

Tensleep Production

. Pre-Cambrian outcrops

—~ Fault

T~ Subsea top Tensleep contour

Espy-Atlantic Rim

thrq_m;w \122N ROTW T22N_R9OW Tzzrkn)e\k\\ szl 2 T22N RETW N ¢! 7 Ui,
— MA Y DRAW Nm«;ﬂmmmm g Rawlina : 779K
_R92\ RO1W T21N_R90OW T2IN_R R gf?«nsm 7 /,_;2 NN f;#m__
WiNgY. T oil ggSduction | ' / \& k7o
f 7 XY 7 ( 2
\ Y Ty
ROIW < N / / 7%
s 3 Espy field ~) ) y s T 4 7T ,%
i - % ved %0 AN
PN - “DST T 2 ' o i i 0ot
10 SPRINGS Injecting water \) 71 + “PPs” Téhgleepproducer T8 37180 B 7 .
T19dRe e - HUGUS No re@c‘ﬂp« uctioh 7 WNVING I XL {4-':
b T19N_R92W TSN_R9 erd 117, p 7 MBW*® 1on. Baew Tk Resw <
FILLMOFKE Primary retov, T ROOW! o ) P
| 4 e t i ater H = L4 T/h { =
TLP groducer 1 \ ==L < “
<~ J
g g
TLP dst 2867 sI mddy + sfgc - J\/ '—\
CRESTPN Primary reffw 5 T ——
W Primary recovgry "/ - "
192w TIIN_RS2W - T g N %y Tia_rasy T
W o> \
pe H/ /
/ BALDY BUTTE Primary r
‘H Primar§ recovery, T17N 117}.‘ oo 1AN \REY T17N_R87W T17N_R8EW TATN_RSEW 1
T17N_Ro2W ,
“~
_ Structure from publications ‘
— i N N
COW 2 Injection ‘:‘. tl qlr\jResc;-'v:Iq Fatér g e ‘: ‘
_R93W 1-16‘. @V . \ 1 T18NARRSW T16N_R8SW T16N %w.’ = s6W T18v_RssW
LCH dN fco o | T1en] Re = D¢ \‘
Primary redguery ' AN B
DEEP ,&}- ting walter
ROWNS 2’3—: ik reeo\xfy
CEE CREARN ter \ s s [
PR\ ) &
>dufti ‘, “"*‘ ¢ W
oo “ufe c X
Roz R TISNNQIOW TINN_R
dtion
N
ary recovey
BROW ’ y recover \ G
t  T14N_Roow T14N_R88W
_R93W SN_R T14N_R91W 1 I\P produded 570 no'watdr UTLP Y 4,989
ecov: BB GULCH Primary recovery . T14NL RS C
% = = c%,
P OORF Primardsre? Tion BETH T % T T RO X e — —
Fryberger, Jones and Johnson 2016 22




The Lost Soldier-Wertz area is
notable for those two very large
Tensleep (+Madison) fields, as well
as a few smaller ones. It is an
interesting question whether there
might be any significant
undiscovered Tensleep accumulations
in an area that has been so intensively
explored. Probably this area, which is
low risk, awaits the “new idea in an
old area” concept. It might be worth
a look at older seismic to make sure
that processing and acquisition
parameters are up to date, and that no
prospective thrust faults have been
overlooked.
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Recovery Terminology

Oil and Gas recovery phases, Life of the Field

Discovery

Improved oil recovery:
down-spacing,
reperforating, pumps,
engineering and
facilities improvements

—

Abandonment

Primary Recovery: (Produces from original
Reservoir energy)

Examples: natural water drive, pressure
depletion, gravity drainage

Secondary Recovery: (Production enhancement with
no chemical changes in rock induced)

Examples: Pressure maintenance by nitrogen
injection, waterflood

Enhanced oil recovery (EOR — Tertiary) : (using
processes that change the chemistry of the system).
Examples: CO2, polymer, methane, ASP, microbial,
thermal (steam)

Fryberger, Jones and Johnson 2016
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Injecting
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and water

Recovery status of Tensleep Fields in SE Wyoming.
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RESERVOIR DATA

Formation: Casper (Tensleep) - Pennsylvanian

Lithology: Sandstone, light gray, fine-grained, hard and
tite streaks

Porosity: 16%

Permeability: 140 md

Average Pay Thickness: 130 feet

0il/Gas Column: 300 feet +

Gas/0il/Water Contact: +1870

Gas 0Oil Ratio: 10 cu. ft./bbl.

Initial Pressure: Unknown

Present Pressure: Unknown

Drive Mechanism: Water drive

Rw and/or Salinity: Unknown

Character of oil or gas: 27° API, sour (3% sulfur), 15°F
pour point

Continuity of Reservoir: Good

Cumulative Production: 6,145,600 BO

STBO or MCF/AC FT: 107 STBO AC/FT

Secondary: Waterflooded since 1966

Estimated Ultimate Primary: 6,200,000 BO (includes
secondary)

Tensleep producing
area

Image courtesy of WGA, Casper
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Petrel static model showing Lower and Upper Tensleep at Wertz Oil Field
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Lower and Upper Tensleep stratigraphy is evident in the Petrel static model created by Matt Johnson at Wertz Oil Field. Complex flow units above the level
of primary strata exist in the Upper Tensleep, as marked. The Lower Tensleep is far more difficult to produce because there are more genetic units (flow units)
divided by impermeable rock, and more effects of primary strata break up the reservoir into many compartments. This is both a problem, and an opportunity for

IOR/IOR planning. Fryberger, Jones and Johnson 2016 21




Structural concepts in the Laramie-Hanna Basins
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Star — 3 main wind Directions

Dune types
depend upon wind direction

Modern Analogues:
Eolian dune type and
formative wind regime
create complex, but
distinctive patterns of
primary strata with eolian
rocks.

Yellow Avalanche strata best
reservoir

Orange: Ripple strata, poor
reservoir

Fryberger, Jones and Johnson 2016

Modern and Ancient analogues:

Basic Dune Types vary in geometry and abundance of ripple and avalanche primary strata; which affect reservoir performance.
After Fryberger, 1979

Dune Types:
Schematic proportions of Ripple and Avalanche Strata

A Small Linear

/NZMegadune
/AReversing
M‘”’“

—————————

Barchanoid
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Modern and Ancient analogues for eolian reservoirs

Mark A. Chandler et al 665

| Grain-flow deposits
[[] Wind-ripple deposits
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Figure 8—Common styles of cross-strata in Page Sandstone. Directional permeability indicated by arrows; more arrows denote
higher potential flow. (A) Grain-flow set. (B) Wind-ripple set. (C) Interlaminated grain-flow and wind-ripple set. (D) Grain-flow
foresets toeing inte wind-ripple bottomsets.

Preferred flow direction and permeability at small (laminar) scale in
avalanche and ripple strata. These are predicted from minipermeameter
measurements in Jurassic Entrada Sandstone. Red arrows are proportional in
length to directional permeability along primary strata. After Chandler, et al
1989

Page Sandstone
outcrop at Page,

' Arizona, viewed by
geologistson a
Shell Field trip.
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Oil flow through eolian ripple strata: A Model

By Zahn Wang and Matt Johnson
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A Digital model of oil flow through eolian ripple strata
By Zahn Wang and Matt Johnson
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Recovery Factors from the models
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Conclusions: Stratigraphy

The Tensleep and Casper Formations comprise the same rocks in SE
Wyoming.

The Tensleep Formation in SE Wyoming can be divided into an eolian
Upper Tensleep member and a carbonate-rich paralic and eolian Lower
Tensleep Member.

The Upper Tensleep is mainly Permian, the Lower Tensleep is
Carboniferous. Lithological change between Upper and Lower Tensleep
was probably driven by increasing aridity from Upper Carboniferous time
into Permian times. We did not find a disconformity between the two
members.

The Fountain Formation commonly intercalates with the Lower Tensleep,
close to older uplifts such as the Front Range.

Oil Production in Southeast Wyoming Tensleep is mainly from the Upper
Tensleep in anticlinal structural traps.

Shallow marine carbonates intercalate with the Upper Tensleep (Permian)
along the Laramie Range.

Fryberger, Jones and Johnson 2016
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Common Risk Segment maps of SE Wyoming Tensleep oil shows, structure and reservoir
guality has identified four regions near existing production that may have opportunities for
further exploration using improvements in exploration technology.

Oil production in SE Wyoming occurs in a variety of stages from primary through tertiary
(EOR), as well as various states of IOR (mechanical upgrades). There may be development
opportunities in some existing fields using a combination of modern EOR/IOR technlques
and new seismic data.

The State of Wyoming well database is a valuable asset, but is not usable for exploration
work without revision of tops. We used this trove to create a revised database of tops and
other data that updates older (historical) tops in the State of Wyoming database, using
modern stratigraphic concepts and the ESRI ArcGIS platform.

Much oil in the Tensleep may be trapped in microscopic stratigraphic traps created by
primary eolian strata, and in complex flow units derived from the stacking small dunes or
eolian facies groups of dune, interdune, sand sheet and sabkha.

It may be possible to calculate recovery factors for oil trapped in primary strata, and

devise ways to produce it.
Fryberger, Jones and Johnson 2016
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