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Abstract

The Frobisher-Alida and Tilston intervals are log-marker defined stratigraphic units within the Mississippian Madison Group. The Frobisher-
Alida interval is a third-order sequence, while the Tilston interval is the uppermost fourth-order cycle within the underlying third-order
sequence. These intervals consist dominantly of carbonate and evaporite lithologies. Cores will illustrate porosity occurrence in the different
types of flow units that characterize the Frobisher-Alida and Tilston intervals in western North Dakota. The Bluell-B1 dolostone flow unit in
Elkhorn Ranch field represents a lagoonal facies. Porous stromatolitic dolostone occurs widely in this facies but the best reservoir quality is in
a burrowed dolostone subfacies that formed near the center of the lagoon. Rival limestone reservoirs in Indian Hill and Glass Bluff fields
represent a bar-island-shoal complex. Interparticle and fenestral porosity occurs in skeletal-oolitic-pisolitic packstone and grainstone.
Sherwood-E dolostone in Davis Creek field and Sherwood-C dolostone in Big Stick field represent a restricted-marine facies. Intercrystal
dolomite porosity occurs in burrowed, peloidal mudstone. The Glenburn-A calcareous dolostone flow unit in TR field represents a low-energy,
open-marine facies. Intercrystal dolomite porosity occurs in the matrix of skeletal wackestone and packstone. A middle Frobisher-Alida
limestone in northwest North represents a high-energy, open-marine facies. Skeletal grainstone is the dominant lithology. Effective porosity
occurs in interparticle pores between crinoid and bryozoan fragments. A lower Tilston limestone flow unit in southwest North Dakota formed
in a vast oolitic shoal that extended from North Dakota to Wyoming. Porosity occurs in interparticle pores between ooid grains.

References Cited

Carlson, C.G. and LeFever, J.A. 1987, The Madison, a nomenclature review with a look to the future, in Fifth International Williston Basin
Symposium, G.C. Carlson and J.E. Christopher (eds.): Saskatchewan Geological Society Special Publication 9, p. 217-225.

Embry, A.F. 1993. Transgressive-regressive (T-R) sequence analysis of the Jurassic succession of the Sverdrup basin, Canadian Artic
Archipelago. Canadian Journal of Earth Science, v. 30, p. 301-320.



Embry, A.F., 2002. Transgressive-regressive (T-R) sequence stratigraphy. In: J.M. Armentrout and N.C. Rosen (eds.). Sequence stratigraphic
models for exploration and production: evolving methodology, emerging models and application histories. 22nd Annual Gulf Coast Section,
Society of Economic Paleontologists and Mineralogists Foundation Bob F. Perkins Research Conference — 2002, p. 151-172.

Embry, A.F., 2009, Practical Sequence Stratigraphy. Canadian Society of Petroleum Geologists, 79 p., Online at www.cspg.org
Elrick, M., and J. F. Reid, 1991, Cyclic ramp-to-basin carbonate deposits, lower Mississippian, Wyoming and Montana: A combined field and
computer modeling study: Journal of Sedimentary Petrology, v. 61, p. 1194-1224.

Fisher, H.J., M.R. Luther, K.E. Eylands, and C.F. Quinn, 1987, Salinity, oxygenation, and topographic controls on Mississippian subtidal
sedimentation in a portion of the Mission Canyon Formation, Williston basin, North Dakota (abs), in Fifth International Williston Basin
Symposium, G.C. Carlson and J.E. Christopher (eds.): Saskatchewan Geological Society Special Publication 9, p. 266-267.

Galloway, W.E. 1989. Genetic stratigraphic sequences in basin analysis I: architecture and genesis of flooding-surface bounded depositional
units. American Association of Petroleum Geologists Bulletin, v. 73, p. 125-142.

Harris, S. H., C. B. Land, and J. H. McKeever, 1966, Relation of Mission Canyon stratigraphy to oil production in north-central North Dakota:
AAPG Bulletin, v. 50, p. 2269-2276.

LeFever, J.A. and Anderson, S.B. 1989. Mississippian correlation cross section southwestern to north-central North Dakota: North Dakota
Geological Survey Miscellaneous Series 73, 2 sheets.

Locklin, J.A. and Damp, J.N. 1995. A compartmentalized carbonate reservoir in the Nesson zone of the Mississippian Mission Canyon
Formation, Williston basin, North Dakota: a case study from Glass Bluff Field, in 7" International Williston Basin Symposium. L.D. Vern
Hunter and R.A. Schalla (eds.): Montana Geological Society, p. 209-218.

Peterson, J.A., 1987, Subsurface stratigraphy and depositional history of the Madison Group (Mississippian), U.S. portion of the Williston
basin and adjacent areas, in J. A. Peterson, D. M. Kent, S. B. Anderson, R. H. Pilatzke, and M. W. Longman, eds., Williston basin: anatomy of
a cratonic oil province: Rocky Mountain Association of Geologist, Denver, Colorado, p. 171-191.

Petty, D.M. 1988. Depositional environments, textural characteristics, and reservoir properties of dolomites in Frobisher-Alida interval in
southwest North Dakota: American Association of Petroleum Geologists Bulletin, v. 72, p. 1229-1253.

Petty, D.M., 1996. Regional stratigraphic and facies relationships in the Mission Canyon Formation, North Dakota portion of the Williston
basin, in Paleozoic systems of the Rocky Mountain region. M.W. Longman and M.D. Sonnenfeld (eds.): Rocky Mountain Section, Society of
Economic Paleontologists and Mineralogists, p. 193-212.


http://www.cspg.org/

Petty, D. M., 2003, Sequence stratigraphy of the Pahasapa Formation (Madison Group) in the northeastern Black Hills: insights from regional
correlations: The Mountain Geologist, v. 40, no. 2, p. 19-34.

Petty, D. M., 2005, Paleoclimatic control on porosity occurrence in the Tilston interval, Madison Group, Williston basin area: AAPG Bulletin,
v. 89, no. 7, p. 897-919.

Petty, D. M., 2006, Stratigraphic development of the Madison paleokarst in the southern Williston basin area: The Mountain Geologist, v. 43,
no. 4, p. 263-281.

Petty, D. M., 2010, Sequence stratigraphy and sequence boundary characteristics for upper Tournaisian (Mississippian) strata in the greater
Williston basin area: an analysis of a third-order cratonic carbonate-evaporite depositional cycle: Bulletin of Canadian Petroleum Geology, v.
58, no. 4, p. 375-402.

Petty, D. M., 2017, Stratigraphic framework for basin-margin, sub-unconformity diagenesis below the Acadian unconformity in the southern
Williston basin: AAPG Search and Discovery Article #10981, accessed September 21, 2017,

Petty, D. M., 2019a, An alternative interpretation for the origin of black shale in the Bakken Formation of the Williston basin: Bulletin of
Canadian Petroleum Geology, v. 67, no. 1, p. 47-70.

Petty, D.M., 2019b, Sequence stratigraphy of Lower Madison strata in the greater Williston basin area: AAPG Search and Discovery Acrticle
#51626, accessed March 24, 2020.

Sando, W. J., 1967, Madison limestone (Mississippian), Wind River, Washakie, and Owl Creek Mountains, Wyoming: AAPG Bulletin, v. 51,
no. 4, P. 529-557.

Sando, W. J., and J. T. Dutro, 1974, Type sections of the Madison Group (Mississippian), and its subdivisions in Montana: United States
Geological Survey Professional Paper 842, 22 p.

Scholle P.A. and D.S. Ulmer-Scholle, 2003, A color guide to the petrography of carbonate rocks: grains, textures, porosity, diagenesis: AAPG
Memoir 77, 474 p.

Smith, D. L., 1972, Stratigraphy and carbonate petrology of the Mississippian Lodgepole Formation in central Montana, Ph.D. dissertation,
University of Montana, Missoula, Montana, 143 p.

Sonnenfeld, M. D., 1996, Sequence evolution and hierarchy within the lower Mississippian Madison Limestone of Wyoming, in M. W.
Longman and M. D. Sonnenfeld, eds., Paleozoic systems of the Rocky Mountain region: Rocky Mountain Section, Society of Economic
Paleontologists and Mineralogists, p. 165-192.


https://www.searchanddiscovery.com/documents/2017/10981petty/ndx_petty.pdf
https://www.searchanddiscovery.com/pdfz/documents/2019/51626petty/ndx_petty.pdf.html
https://www.searchanddiscovery.com/pdfz/documents/2019/51626petty/ndx_petty.pdf.html

A Facies and Flow-Unit Approach to
Porosity Occurrence in the
Madison Reservoirs
(Frobisher-Alida and Tilston intervals) of
Western North Dakota

Presented By David M. Petty
Pre-Meeting Core Conference
AAPG Rocky Mountain Section Meeting
June, 2023



Williston Basin Stratigraphic Column

Southern Basin Central Basin

CARBONIFEROUS

Visean

fJ Interval

Upper Kibbey Fm.

Lower Kibbey Fm.

y

Poplar Charles

Formation

,.r Ratcliffe Interval

Core
Locations

Fro

Lag~_ Interval

bisher-Alida Int. Mission

— Tilston Interval = Canyon Fm.

Bottineau | odgepole Fm.

HST

DEVONIAN

Fras] Famennian Tournaisian

o\ Upper Member
\Middle Member
-0\ Lower Member
Pronghorn Mb.

Bakken
Formation

TST

Madison 2"-Order Sequence

Three Forks Formation

Birdbear Formation

>

’

Duperow Formation

Major Basin Margin
Unconformity

Original Madison sequence
definition in Wyoming by
Sonnenfeld (1996).

Williston basin usage by Petty
(2006, 2010, 2017, 2019a)

<«— Madison 2"%-order MFS

28 m.y.

<€— Acadian Unconformity

Intervals are log marker-defined units
(Carlson and LeFever, 1987) that parallel
biostratigraphic zones (Petty, 2005, 2010,
2019b). Formations are lithology-defined
units that may be diachronous.



Frobisher-Alida
‘Froblsher- \\da..,
o L sawamassss Paleogeography
&2 Canada v
S5 USsA |
_: Marine A|
2 Environments
s So
Q
h@ :
2
S
=
o
)
8
Landward S
Z e
)
o, :
@ Dissolution
Montang — )]
Wyoming ~~~— T T, :
” ) Frobisher-Alida Modified
100 km Solution Breccia & after Petty
Emm—— presént (2010, Fig. 3)




Frobisher
-Alida
Facies A’ tandward
Model _| mrs

Frobisher-Alida
Cross Section A-A’

Big Stick Field

Davis Creek
Field

Field
TR Field

Field

Base Ratcliffe

Elkhorn Ranch

Glass Bluff
Indian Hills

Seaward A

Modified from
cross sections in
Petty (2010)

Rival, Bluell,
Sherwood and
Mohall correlations
between north-

central ND and Bluell Facies I: Sabkha-Salina
southwest ND taken Anhydrite-dominated
from LeFever and \ . .
Anderson, 1989 lithologies d
’ SAM » MarkerBe
Sherwood -
Marker beds =

sandy/silty/clayey

dolostone
°// S

100 km

10 m

‘\ Facies ll: Lagoon

Stromatolites, wackestone

Facies lll: Shoal, Bar, Island
Grainstone-packstone

Facies IV: Restricted Marine
Peloidal mudstone

Facies V & VI: Open Marine

Skeletal wackestone & packstone
Skeletal Grainstone




[ ] ﬁ ﬁ
Frobisher Frobisher-Alida x o c -

H . ’ v * o ==
-Alida Cross SectionA-A” 5 = 3 : % T

. ST ol ‘;’OE < @ %
Facies A’ tandward 82 £2s8 o G £ Seaward A
Model MFS Base Ratcliffe Y

Top Frobisher-Alid

Modified from
cross sections in
Petty (2010)

Rival, Bluell,
Sherwood and
Mohall correlations
between north-
central ND and
southwest ND taken

Anhydrite-dominated

from LeFever and \ . .
lithologies
Anderson, 1989 SAM Marker Bed
= Location of |Sherwood -
Frobisher-Alida Marker beds =

sandy/silty/clayey

dolostone s

100 km i

cores except
facies VI

10 m

Bluell Egacies I: Sabkha-Salina _— 1l o

Stromatolites, wackestone

Facies lll: Shoal, Bar, Island
Grainstone-packstone

Facies IV: Restricted Marine

Peloidal mudstone

Facies V & VI: Open Marine

Skeletal wackestone & packstone
Skeletal Grainstone




. . T 5 :

VES - s Frobisher-Alida = - Ph°t°-b e

= S>équence . ;) 9 e Top Frobisher- 5=

Cross Section A-A” 5 = 3§ c : o T
Boundary after .Z-c, E.o';,,g.c E Alida 3d-order 2 <
Gall , 1989 >—= - 9
oAy A’ Landward 8¢ EZas o Seq”ence\g 2 Seaward p
MFS . MFS Base Ratcliffe \'
1 Top Frobisher-Alid =
Transgressive .
Systems Tract
MRS —— |
Vv

Regressive

Bluell Facies I: Sabkha-Salina

Anhydrite-dominated

Systems Tract

Surfaces and B lithologies

systema tracts SAM Marker Bed

after Embry, Sherwood -

1993, 2002, Marker beds = _

2009 sandy/silty/clayey - |
dolostone

Sequence o/, §

stratigraphy £

after Petty, o _

2010 .

100 km

*—-\ Facies ll: Lagoon

Stromatolites, wackestone

Facies lll: Shoal, Bar, Island
Grainstone-packstone

Facies IV: Restricted Marine
Peloidal mudstone

Facies V & VI: Open Marine

Skeletal wackestone & packstone
Skeletal Grainstone




Midale black skeletal wackestone;
estimated depth of deposition = 40-60 m

<+— Midale-Rival contact = MFS

Rival facies Ill with black Midale
<+— sediment fill in fenestral pores;
estimated depth of deposition =0-5m

Iverson 1A Midale-Rival (Facies lll)
9428’ .
Contact in
Glass Bluff field
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Cores
State #1-16; 144-101-16 SESW (NDIC # 9578): 9460-9470’
USA # 3-29; 144-101-29 NWSE (NDIC # 9182): 9240-9250’
Fed. # 1-33; 144-101-33 SESW (NDIC # 10229): 9290-9302’



Frobisher
-Alida

Facies A’ Landward

Model

Frobisher-Alida
Cross Section A-A’

Big Stick Field

Davis Creek
Field

Field
TR Field

Field

MFS Base Ratcliffe

Elkhorn Ranch
Glass Bluff
Indian Hills

Seaward A

Modified from
cross sections in
Petty (2010)

Rival, Bluell,
Sherwood and
Mohall correlations
between north-
central ND and
southwest ND taken
from LeFever and
Anderson, 1989

= Location of
facies Il cores

Anhydrite-dominated
lithologies
SAM

P\
Marker Bed
Sherwood

Marker beds =

> dolostone
60 >
K7

10 m

100 km

Bluell Egacies I: Sabkha-Salina _— 1] "

sandy/silty/clayey n _

‘\ Facies ll: Lagoon

Stromatolites, wackestone

Facies lll: Shoal, Bar, Island
Grainstone-packstone

Facies IV: Restricted Marine
Peloidal mudstone

Facies V & VI: Open Marine

Skeletal wackestone & packstone
Skeletal Grainstone




144-101-33
USA #1-33
NDIC # 10229

Photograph
from NDIC

Bluell-B1 Flow Unit
Elkhorn Ranch Field

9291.5"

4 0=11.1%
4 Ka=0.26 md

This lithology (stromatolitic
dolostone) commonly
occurs at the top of the
flow unit and in landward
portions of the lagoon.
This is a key characteristic
lithology for facies Il;
however, while it may be
porous, stromatolitic
boundstone commonly has
low permeability.




144-101-33
USA #1-33
NDIC # 10229

Bluell-B1 Flow Unit
Elkhorn Ranch Field

9297-99’

Routine and SCA Plug Analyses:
@=16.5% Ka=10md
@=17.2% Ka=12md
@=18.0% Ka=14md
@=18.1% Ka=13md
P=228% Ka=27md
@=19.0% Ka=24md
@=15% Ka=0.1md
P=222% Ka=28md

This lithology (bioturbated dolostone)
commonly occurs near the middle of the
flow unit and near middle of the lagoon,
where the best reservoir rock occurs.

Photograpﬁ,
< ~from NPICT #




Calcispheres in Facies Il

Calcispheres are walled, spherical grains with a diameter of 60—
250 pum (Scholle and Ulmer-Scholle, 2003)

A range of origins have been assigned. Paleozoic calcispheres are
most commonly referred to as algae or problematica.

In the Mission Canyon, calcispheres are very common in facies Il;
they are characteristic of stressed environments
Calcisphere-moldic porosity commonly occurs in the best facies |l
reservoir rock in the Bluell-B1 zone (next slide top photographs)
and other facies Il zones (next slide bottom photographs).
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Bluell B1 Flow Unit Landward

B — B’
Cored Wells
#9182 #9578 #10229
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Cum: 36 MBO Abandoned 1999 Cum: 714 MBO
Abandoned 1991 Cum: 613 MBO Current: 22 BOPD

Note: 1) in landward-seaward direction, there is some porosity “shingling” within B1 flow
unit but porosity appears interconnected, and 2) purple represents core display



Facies Il Data: 144-101-16 SW; Amerada St. #1-16 (NDIC #9578)

Depth Porosity Ka
144-101-16 SW —— = B
o atsy State1-16 9460-61 13.8* 0.9*
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::::"'31' S:°B'W°°°"A Depth Porosity Avg. Porosity Ka Avg. Ka
erwooaq-
kel 9465-66a 16.6 6.0
Abandoned 1999 9465-66b 19.2 195 34 16.0
Cum: 613 MBO 9465-66¢ 22.8 38.4




Facies Il Data: 144-101-33 SESW; UVI #1-33 (NDIC #10229)

Depth Porosity
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Bluell-B1 (3’) & Sherwood-C (8’)
Cum: 717 MBO * = Average of 3-5 plugs/foot (2” diameter)

Current: 30 BOPD used for routine and special core analysis

testing



Facies Il Data: 144-101-29 SE; Hamilton #3-29 (NDIC #9182)

e 9430’
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10.1 0.66 0.12
17.0% 4.0* 1.3*
10.0 0.26 0.022
17.2 2.8 0.32
19.6 41 1.5
2.9 0.05 <0.01
3.2 0.088 <0.01
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Map of Maximum
Bluell B1 Porosity

M |
N |

Elkhorn Ranch Field
Bluell-B1 Flow Unit Development

e = Bluell-B1 Vertical Completion
~ = Bluell-B1 Horizontal Completion

* Vertical development during 1970’s-
1980’s; some individual B1
completions produced >500,000 BO

* 3 new-drill horizontal wells drilled
1997-2013 with average production
of 397 MBO as of mid-2021

* 9 re-entry horizontal wells drilled
2006-2007 with average production
of 198,000 as of mid-2021



Facies lll
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Limestone Flow Units

Cores
Hicks #1, 151-102-6 N2SW (NDIC #10536): 9470-9502’
Iverson #1A, 151-103-1 NWNE (NDIC #10942): 9425-9450’
Deer Pass #20-1, 153-101-20 SESW (NDIC #10431): 9060-9090’
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Stromatolites, wackestone

Facies lll: Shoal, Bar, Island
Grainstone-packstone

Facies IV: Restricted Marine
Peloidal mudstone

Facies V & VI: Open Marine

Skeletal wackestone & packstone
Skeletal Grainstone
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Cross Section C-C’: Glass Bluff/Elk Field/Indian Hill

D D’
Hicks #1 Iverson #1A Deer Pass 20-1
SW Sec. 6, T1I51N-R102W NE Sec. 1, T151N-R103W SESW Sec. 20, T153N-R101W

NDIC #10536 NDIC #1094 NDIC #10431

S EEe=sREaRS:

R D

......
...................

N-D@
Competed in Red River

IP 112 BOPD, 0 BWPD IP 200 BOPD, 3 BWPD Twin Well Rival Completion:
Cum 190 MBO & 245 MBW Cum 348 MBO & 144 MBW 30-day IP: 411 BOPD & 1 BWPD
commingled w/ Ratcliffe Cum 784 MBO, 63 MBW

Note: this well has average Note: this well has best Note: this well has the best
reservoir quality reservoir quality (core Ka & reservoir quality (core Ka and

SW) in Glass Bluff-Elk fields Sw) in Indian Hill Field
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9072’; @ = 11.7%, Ka = 62md 9076’; @ = 7.9%, Ka =8.6md



Hicks #1,
151-102-6 NESW

Poorly connected
Fenestral porosity;
Micritized matrix

@ =10.4%,
Ka=0.2 md



lverson 1A
151-103-1 NWNE

Core _ NDIC #10942
GR Depth Porosity Ka
gg:;g g; 8(7)1 9420-27.5: basal Batcliﬁg: black, argillaceous, open-marine skeletal
9427-28 05 0.05 Wwackestone; base is maximum flooding surface
+ 942829 1.7 0.02  9427.5-32: top Rival: peloidal-intraclastic packstone/grainstone;
gzgg'gg :-g 8'82 abundant cemented and sediment-filled fenestral pores; low porosity
9431-32 14 0.02 due to equant calcite cementation
9432-33 5.8 28.
9433-34 8.9 1.5
— 9434-35 11.1 0.01
et 9435-36 5.8 0.01 9432-45: Rival reservoir; peloidal-intraclastic-microbial grainstone
) 9436-37 8.2 0.01 and packstone; locally oolitic; abundant Ortonella packstone (Locklin
.2 9437-38 8.2 0.01 and Damp, 1995); early bladed and equant cement prevented
g 9438-39 10.8 570  compaction and preserved primary interparticle pores in samples
[ 9439-40  11.0 3.00  with good permeability; early equant cement completely occluded
9440-41  10.3 630  horasity locally
9441-42 13.2 10.
9442-43 8.5 0.18
9443-44 10.7 104.
¥ 944445 8.1 18.
®] M54 57 0.01  9445.50: skeletal-peloidal grainstone/packstone/wackestone; no
> .5 gxg::; Z:g 8281 visible pgrosity in thin §ection; I:_ack of early cement allowed
; = 9448-49 47 0.01 compaction to destroy interparticle porosity
= g 9449-50 2.5 0.01
[

<



Hicks #1
151-102-6 N2SW
NDIC #10536

Depth  Porosity Ka
9470-71 1.2 0.03
::;;;i 1:: 3'°1 9455-74: basal Ratcliffe: black, argillaceous, open-marine skeletal
9473.74 L5 001 Wwackestone; base is maximum flooding surface
9474-75 11 001 9474-75: top Rival: calcite-cemented peloidal packstone
/ 1 947576 9.1 15 9475-76: skeletal-oolitic-peloidal grainstone; interparticle porosity
9476-77 104 0.2
9477-78 6.6 0.01
9478-79 46 0.01
9479-80 7.2 0.31
948081  10.2 7.0
948182  10.3 24
- 9482-83 9.1 18
pem—
v ::::_:; 3;; g;g 9476-94: microbial-intraclastic-peloidal grainstone and packstone
Q 9485-86 8.0 014 with fenestral and interparticle porosity; best permeability occurs in
— s X 023 calcite cement-reduced interparticle porosity
(1] 9487-88  11.0 0.47
e 9488-89 9.7 0.98
9489-90 6.1 0.01
9490-91 7.8 0.01
9491-92 7.8 10.0 ??
9492-93 46 0.09
+ 9493-94 2.0 0.01
A 9494-95 13 0.01
9495-96 1.0 001 9494-9502: skeletal-peloidal grainstone/packstone/wackestone;
. 001 compaction has destroyed interparticle porosity
) 9497-98 21 0.07
- 9498-99 0.9 0.01
‘B 9499-00 0.9 0.01
= 9500-01 0.9 0.01
.g v 9501-02 0.9 0.01




Depth  Poros Ka Deer Pass 20-1
9060-61 1.1 -
9061-62 ; B | 0.01 - e \A’
9062-63 1.7 0.01 153 101 20 SES
9063-64 1.0 0.24
9064-65 0.7 0.01 N ch #1043 1
9065-66 X 0.0 ' " ’
906(55-67 1 ; 0 Oi 9060-68: basal Ratcliffe: black, argillaceous, open-marine skeletal
9067-68 3:0 0:01 wackestone; base is maximum flooding surface
9068-69 6.6 49,
9069-70 9.3 18.
9070-71 10.3 304.
- 9071-72 11.7 62. ) —— . S ) » "
—_ 9072-73 9.0 6.60 9068-77: microbial-intraclastic-oolitic-peloidal grainstone with
3 9073-74 24 001 fenestral and interparticle porosity; best permeability occurs in
S 9074-75 8.1 0.17 calcite cement-reduced interparticle porosity
4] 9075-76 8.2 5.30
- 9076-77 7.9 8.60
9077-78 5.6 0.01  9077-81: microbial-intraclastic-oolitic-peloidal grainstone with
9078-79 3.7 0.03 fenestral and interparticle porosity occluded with coarse, late calcite
w79-80 £ 20. 7? and saddle dolomite
¥ 9080-81 4.7 0.01
9081-82 2.4 0.01
T‘ 9082-83 3.0 0.65
o= -84 i ¥ ) .
> O gggi-gs ‘I‘ i ggi 9080-90: skeletal-peloidal grainstone/packstone/wackestone;
S = 9085-86 0'3 0'01 compaction has destroyed interparticle porosity
— é 9086-87 0.3 0.01
— 9087-88 04 0.01
9088-89 0.3 0.01
9089-90 04 0.01




Facies IV
Restricted-Marine Facies
Burrowed, Sparsely Fossiliferous, Peloidal
Mudstone-Wackestone

Dolostone Flow Units

Cores
State #32-33, 139-100-32NWSE (NDIC #12430): 9276-9302’
David 1-25, 142-101-25 SWNE (NDIC #7273): 9410-9430’



[ ] ﬁ ﬁ
Frobisher Frobisher-Alida x o c . o
-Alida Cross SectionA-A’ § = ¥ ¢ 2E
. Lo foho 2 2 S
Facies A’ tandward S2 x220 = G £ Seaward p
Model MFS Base Ratcliffe Y

Top Frobisher-Alid
Modified from .

cross sections in
Petty (2010)

Rival, Bluell,
Sherwood and
Mohall correlations
between north-

central ND and Bluell Facies I: Sabkha-Salina
southwest ND taken Anhydrite-dominated
from LeFever and \ . .
Anderson, 1989 lithologies d
’ SAM » MarkerBe
= Location of |Sherwood -
facies IV cores Marker beds =
sandy/silty/clayey -
dolostone s
=
o
-

100 km

‘\ Facies ll: Lagoon

Stromatolites, wackestone

Facies lll: Shoal, Bar, Island
Grainstone-packstone

Facies IV: Restricted Marine
Peloidal mudstone

Facies V & VI: Open Marine

Skeletal wackestone & packstone
Skeletal Grainstone




Sherwood-E Facies

Southwest North Dakota
Modified from Petty (1996, fig. 17)

Little
Knife

Grey = Oil fields with
secondary or minor
production from Sherwood-E

Black = oil fields with
Sherwood-E as main flow unit

O
P
=
LN
o
i
o

Restricted-marine conditions
induced by saline waters that

Facies IV: i stressed environment
Restricted-
marine Low-relief, intertidal to shallow
subtidal shoal-barriers allowed
Facies llI: Intertidal- e high-saline waters formed in
Shallow subtidal m. sabkha-salina to flow seaward

(suggested by Fischer et al., 1987)

T134N Facies I: Supratidal-intertidal




E Stratigraphic Cross Section E-FE’

T142N-R101W Sec. 25 SWNE
David #1-25 NDIC #7273

—9400’

Facies Il _—
o B |8 Sherwood-C
ha O
og O Facies IV
O Sherwood-D

Tightly
Cemented

EI
Landward (Updip) =—>

T139N-R100W Sec. 32 NWSE
State #32-33 NDIC #12430

FGR

C

I I I I I
100 20 10 O
GR API Core Porosity

30-day IP: 1,732 BOPD & 0 BWPD
Cum: 1,062,790 BO & 413,983 BW

Sherwood-E ( [
I I

€
n

10 ft

0

>
L© Facies Il
1S3
og Ls acies IV
FGRM
L7
100 20 10 0

GR API Core Porosity

30-day IP: 58 BOPD & 23 BWPD
Cum: 203,467 BO & 371,702 BW

FGRM = Fryburg gamma-ray marker bed = K1 marker bed = base Sherwood




139-100-32; State #32-33
Sherwood-E Flow Unit: 9294-9299’
9296’ @ = 26%; Ka =21 md




139-100-32; State #32-33
Sherwood-E Flow Unit: 9296’
9296’ @ = 26%; Ka =21 md

Average crystal size = 15 um

B -
¥ 5 . N LA
- & wo-i% - ', -




Sherwood-C - David #1-25, 142-101-25 SWNE
- of .“ . Sherwood-D; 9422’
e 4 > @ =23.4%,Ka=113 md
!“, .y ' -
: -
25 b5
. 100 Modified
I" o5 from
. Petty, 1988,
Average g
crystal size o 10
< :
Sherwood-E o

-

Porosity (%)

USA #1-22, 141-100-22 NENE
Sherwood-E; 9488’
= 1S Mm . ¢ = 18.8%, Ka = 6.3 I‘I‘ld

Average
crystal size



David #1-25; 142N-101W, Sec. 25 SWNE; NDIC #7273

Routine Core Analysis Special Core Analysis

Sherwood-C

Sherwood-D

Facies IV

Facies IV

Permeability to air (md) Type Plug Data
Depth Max. 90 degree Vertical Porosity Analysis Depth Porosity Perm. (Ka md)
9410-11 46 58 20.0 Plug 9410-11 19.5 30.0
9411-12 88 73 22.0 Plug
9412-13 48 41 18.3  Plug 9412.5 20.7 42.1
9413-14 122 169 23.1 Plug 9413.0 22.3 44.3
9414-15 220 195 235 17.8 W.C. 9413.5 21.0 17.6
9415-16 327 325 386 19.5 W.C. 9415.0 22.9 73.9
9416-17 36 27 15 10.8 W.C.
9417-18 69 64 67 17.2 W.C. 9417-18 24.7 129.0
9418-19 80 73 26 18.0 W.C. VF 9418-19 19.2 22.0
9419-20 1935 1.8 1094 26 W.C. VF
9420-21 254 126 64 19.0 W.C.
9421-22 514 503 436 201  W.C. 9421-22 24.4 109.6
9422-23 697 503 630 21.6 W.C. 9422.0 23.4 113.0
9423-24 752 641 547 199 W.C. 9422-23 21.0 80.5
9424-25 0.29 2.8 13 179 W.C.
9425-26 287 260 132 16.6 W.C.
9426-27 0.16 36 6.7 Plug
9427-28 194 193 13 17.2 W.C.
9428-29 3.8 2.3 12.1  Plug
9429-30 17 17 11 10.3 W.C.

Note: whole-core routine-core analysis permeability data is not valid



State #32-33; 139N-100W, Sec. 32 NWSE; NDIC #12430

Depth Ka @%
9276.0- 77.0 <.01 0.6
9277.0- 78.0 0.01 0.9
9278.0- 79.0 <.01 0.7
9279.0- 80.0 <.01 3.4 .
9280.0- 81.0 0.12 4.9 Facies Il
9281.0- 82.0 0.01 1.9 . : : . .
9282 .0- 83.0 <01 1.9 Limestone: medium-grained microbial-
9283.0- 84.0 <.01 1.7 intraclastic grainstone at top, transitional to
9284.0- 85.0 0.42 0.8 . . : ;
9285.0- 86.0 <.01 0.8 very fine grained, intraclastic-skeletal
9286.0- 87.0 0.08 2.} :
9287.0- 88.0 <.01 0.8 grainstone at base
9288.0- 89.0 1.83 0.6 Low porosity; calcite-cemented
9289.0- 90.0 1.55 0.7
9290.0- 91.0 <.01 1.5
9291.0- 92.0 <.01 1.7
9292.0- 93.0 <.01 L1
9293.0- 94.0 0.72 9.6 :
9294.0- 95.0 1.78 7.7 &5 & Facies IV
9295.0- 96.0 6.29 21.9 9 35 Dolostone: sparsely fossiliferous, peloidal
9296.0- 97.0 20.5 26.1 g
9297.0- 98.0 10.4 21.8 - % mudstone-wackestone
9298.0- 99.0 3.03 20.4 = :
9299.0- 00.0 0.12 g9 & =  Intercrystal porosity
9300.0- 01.0 0.01 8.9 Top K-1
9301.0- 02.0 0.01 7.4 Top Mobhall
9302.0- 03.0 <.01 6.0



Facies V
Open-Marine (Low-Energy)
Skeletal Wackestone & Packstone

Dolomitic Limestone and
Calcareous Dolostone Flow Units

Core
State #4-23; 141-101-23 SESW (NDIC # 6701): 9173-91971’



Frobisher
-Alida
Facies A’ tandward
Model _| mrs

Frobisher-Alida
Cross Section A-A’

Big Stick Field

Davis Creek
Field

Field
TR Field

Field

Base Ratcliffe

Elkhorn Ranch

Glass Bluff
Indian Hills

Seaward A

Modified from
cross sections in
Petty (2010)

Rival, Bluell,
Sherwood and
Mohall correlations
between north-

central ND and Bluell Facies I: Sabkha-Salina
southwest ND taken Anhydrite-dominated
from LeFever and \ . .
Anderson, 1989 lithologies d

’ SAM » MarkerBe
= Location of |Sherwood -
facies V core Marker beds =

sandy/silty/clayey

dolostone
°// S

100 km

10 m

‘\ Facies ll: Lagoon

Stromatolites, wackestone

Facies lll: Shoal, Bar, Island
Grainstone-packstone

Facies IV: Restricted Marine
Peloidal mudstone

Facies V & VI: Open Marine

Skeletal wackestone & packstone
Skeletal Grainstone
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Y1777
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718405
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Chambers #4-23 NDIC #6701

141-101-23 SESW
FERM: TO AIR <MD)

HAX, 20 DEG. VERTICAL
0.05 b .04
(’Q(J AN 6.3
10 - 7.0
8.2 X 4.7
7.1 S 0.4
3.0 X “ed
P X D
, Q X (‘.')00
1.7 X L9
1.1 3 0,84
0.1 « 0+ &
Icét X lou
0.4H0 K 0:61
0.38 ¥ D.37
.01 ® 0,44
0.24 * 0.83

FOR .
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Facies VI
Open-Marine (High-Energy)
Crinoid-Bryozoan Skeletal Grainstone:
Mounds or Mechanical Accumulations

Limestone Flow Units

Core
Wehrman #1-19, 163-101, Sec. 19 (NDIC #8721): 7216-7246’



LN ] F - - .
e maaaat T any TObC \ Frobisher-Alida
o°® . ey A\\da = Su oo, €0
o Frobisher: _.eghipy, be Paleogeography
L k3
— o.. '.. Canada
£ '.~.._"—oo—|-—o
.0. : USA ' .
: Marine A
y Environments
fs=* s@
RN .
; 3
rob[s §:=~
3,0
S
3.8
Landward =
2 o
2,
/%
Montang ~~— - Limit P,
omi NTRY ' .
gl Frobisher-Alida / . Modified
100 km Solution Breccia & ..°° after Petty
— Presl!nt K o (2010, Fig. 3)




v v "
r. L e - 1 )
) 2 ' . L '0" al
v | Vs SKJERMO
© n Q » M ’ -, =
<
TI6ON R10OW -
1 . (3] " 07 » - X »
s P
# TI6IN R102W RiwW
- s > " ‘“ -
- | & o " '
a0
3 1"
= > p-] x > ‘3 K _C- - b 3 '
o » [Foot™ = > »
“ w—k— .
- ﬁ\

Saskatchewan_

2 | - 1
'S e | -
P
s u® 9 " o .
—
TI62N R10IW
= D 4 I x
———— »
4

» » T

’ l.gOl "

'2
l-c " 2 l ? .
o e

:':'u’::: :‘ : Umwﬂ e 0

, 1 I t-m'é;
Covan i I ‘e ] 3
Lt L -
i g - [IH1T
= T163IN R100W ' - nu..ru
’{J:a . a:-‘é l" I'" x ,
i 3
il 11 Koy i I
& L "‘L"J," . W:., -
LT ,"I-: ,
" F R T
: e L T -
E PR e T T TR T
4 B Mies e I

D WASOrSENe T BTy DM CRASO Dy WAIOR OF TV Jradud Pumors of Te L
DFTIDOr My D8 PCDreCT OF Ut Of SEe ATy DRMMON OF @77y TN s O Yy
DFIDOr DGETeS PN U FOOMCT 308 65 X W O W Dwr reA



)

#9503 Tangedal 1-1
163 102 1 NESW

#9482 Carter 1-5 #8721 Wehrman 1-19

163-101:19 SESE

==

...........

T
e
Y

7000

..........

. 163-101-5 SENE

=
i
I T
]
——

SEES i}E¥} —
, —

’

f

Xf
E\ZE

NI | /l"V
T

i

==
SE==cEpees

I

i

‘ g

C “THI
T

4

T
MIL®.
—
wn
11T
\
T

{ =t
L z
6800 i a

I
A T

I
I

FHETETT

TTTA
AT

EE= D NS
- :
- 4 -

|
i

[

i
B

TS DT
|

=t

S
=<
BN
= B  EEeEs=a e
= = e = == =ais e
== = = = = e
EbsanE=s = E BEF —_— e
— P p—— ] if ’—7—:
EENEEEE=SS = ‘ ==t = e
—— 6900 — == —HH =
ég 3 = :_h% = o — = ;ﬂ s — :i
—= o = == i : =
7 — . 3 = z‘
- g Se=ct i===
EES = == = s =
= ; EEE = = E= = Se=SE=sec-osae
EELE == = e e
= = iz == = E=s e =
EP4EEEEEE : sk H B e
=5 === H — fg = = == s e e 7i¥* ==
Sai= = E: E=== = = se00 [foH] :i;:iiijﬂgF
: — T m— = 5 e e s e N
SRS = o i ESisSSEs == e =
S - ey ] goAc=== EiTdFe===—-=m== @S
e = == == = = == I EESIEESSSS B ==
piE= i —— I s — Y 1= — 1
= == - - = wn g e == S EsS=s
B == == == 2o} =% = =i fa) E o Seri SE=== ==5 SE
:‘3_" H—— = Y = = — -U ;Jr—- R : =i —
= 1 7000 7 = e EEsmaE i e e = —
o= = 1SS SesE = = hE =
= I N o Bl —
— =<7 = = 3 jj4 — = :v e —— == é
I — ———t=1= = - o% i — =¥, _7;74?_ i —
= E - = <= =k == = = A = ——— = ==
ElEEEEEL=" == £ = B= SR siEsSEEsEr = ==
= = = S = m— —1 7300 = —— —
= : 2 2 5B e eme ! —
ERS 7 = IESEIS S==SESE-= =
— == 7100 [ 1 =5 i e e e e e e
- 1= / o — —= = \; = £777 — D e e e _;E
=4 PWEE == = = =z BEE=r P o |
S : = . HEES =
SESES - £ === SEEC=s SES=CSEiEE
U o P T e e e e = — = i = e ‘rfj

il
s

g

THT

[ T L

I
=T A

T
[

——] 1 =i

7400 i
=

-!\
e
D

= Domlnantly skeletal grainstone;

=

2
—
iy
Il
F]
il
Il
h’*“
il
il
XLH}F
&i

I = Microcrystalline Dolostone
B = Cherty Packstone & Wackestone

|



Core depths 7216-7246’ in the Wehrman #1-19 core (NDIC #8721) consists dominantly
of crinoid-bryozoan grainstone with good visible interparticle porosity

TEMNMNECD OIL COMPAaRNY

FORMATION 1§ MISSION CANYON DATE 1 &-20-81

NO. 1-19 WEHRHAN DRLG. FLUID! SALT GEL--NO OIL FILE NG. 1 3805-2952

WILDCAT LOCATION ! 5E BE SEC 19 T143M R101H ANALYSTS 1| R. MOHL

BIVIDE COUNTY BTATE I NORTH DAKDTA ELEVATIONT 2292 Ki

SAMP. PERM. TO ATR (MD) POR. FLUID SATS. GR.
ND. DEFTH HORZ. VERTICAL FLD, OIL HATER DNS. DEGCRIFPTION

a7 721617 22 Yl 747 3B2.% 2Z.60 LM V/FN-XLN ALGAL FOSS5 FRAG
a3 721718 i.2 10.2 B.7 349.7 2.4% LM VAFN-XLHN ALGAL FOLS FRAG
J7 Faig-17 0.460 7.4 Delr T0.7 24607 LM W/EN-XLN ALGAL FOS5 FRAG
40 71920 0.71 2.9 0.0 A7.0 .69 LM U/FN-XLN ALGAL FOSS FRAG
41 FE20-21 .04 2.1 S0 699 2071 LM VW/FN-XLN
42 7221-22 15 7db b.¢ 55.8 2.60 LM FN-XLN ALGAL FOS58 FRAG
13 7223 19 F3 Pl 2Vt Z.6HY LM FH=XLN AlGAL, FO5S FRAG
14 F223-21 4.3 P47 0.0 47.5 2.468 LM FN-XLN ALGAL FOSS FRAG
43 2425 7.4 11.3 0.0 &6 Z.40 LM FN-XLN ALGAL FOS5S FIRAG
A6 72524 1.7 TP 1.0 54.2 Z.68 LM FH-XLN ALGAL FD5S FRAG
47 g il 40 10.4 8.5 31.0 Z.40 LM FH-XLN ALGAIL FOSS FRAG
e T8 .7 12.0 B.0 05.9 2.608 LM FN-XLN ALGAL FOSGS FRAG
49 722029 ST 10.8 .0 75.3 2.60 LM FN-XLN ALGAL FD55 FRAG
50 F22R-30 5.3 11.7 0 74.1 2.68 LM FN-XLN ALGAL FOSS FRAG
ol 72031 054 L ] .0 43,4 2.608 LM FN-XLN ALGAL FD58 FRAG
n2 FI31-32 g2 . 12.4 7.0 372 2.68 LM FN-XLLN A&LGAL FOS5S5 FRAG
53 7333 as 12.2 0.0 52.7 2.68 LM FN-XLN ALGAL FOS5S5 FRAG
o4 FA20-34 pal 1Z.0 0.0 &1.9 2,468 LM FN-XLN ALGAL FDSY FRAG
o 7234~2% 1.7 11.8 0.8 &1.9 2Z.60 LM FHN-XLH ALGAL FO55 FRAG
54 723%~-34 6.5 9.9 1.0 %7.1 2.60 LH FN-XLN ALGAL FOBSS5 FRAG
57 723637 18 10.7 45 I72 2469 LM FN-XLN ALGAL FOSH FRAG
56 FA37-30 21 11.% 1.7 37.2 2Z.60 LH FN-XLN ALGAL FDSS FRAG
59 7ag-3% 16 10.4 0.9 520 Z.68 LM FH-XLN ALGAL FOSS FRAG
&0 723990 1.% 8.1 L. 29.8 2Z.6% DUF LM FN-XLN ALGAL. FD5S FRAG
bl 724011 Y | 8.7 Z.3 30,3 2Z.60 CVF LM FN-XLN ALGAL FOSS FRAG
&2 7391 ~42 123 11.2 4.4 3.3 2Z.468 LM FHN-XLM ALGAL FOS5S FRAG
&3 F242-43 g? 12Z.0 0.8 HY.80 2.60 LM FHN-XLN ALGAL. FO59 FRAG
&4 7143-14 1 12.46 D.8 &1.6 2,460 LM FN-XLM ALGAL FUSS FRAG
535 724947 1 13.2 D.8 76.7 Z.68 LM FN-XLN ALGAL FDSS FRAG

b4 72544 13 12.5 0.0 70.6 2Z.63 LH FH-XLN ALGAL FOSH FRAl
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Facies VI: Crinoid-Bryozoan
Grainstones with Good
Interparticle Porosity and
Good Permeability
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Tilston
Oolite Shoal Facies
Oolitic Grainstone and
Skeletal-Oolitic Grainstone

Limestone Flow Unit

Cores
Jacobs #F14-24-P; 134-96-24 SWSW (NDIC #511): 8051-8110’



Williston Basin Stratigraphic Column

Southern Basin Central Basin
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Poplar Charles

Formation
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Frobisher-Alida Int. Mission
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Pronghorn Mb.

Bakken
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TST

Madison 2"-Order Sequence

Three Forks Formation

Birdbear Formation

>

’

Duperow Formation

Major Basin Margin
Unconformity

Original Madison sequence
definition in Wyoming by
Sonnenfeld (1996).

Williston basin usage by Petty
(2006, 2010, 2017, 2019a)

<«— Madison 2"%-order MFS

28 m.y.

<€— Acadian Unconformity

Intervals are marker-defined units
(Carlson and LeFever, 1987) that parallel
biostratigraphic zones (Petty, 2005, 2010,
2019b). Formations are lithology-defined
units that may be diachronous.
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Petty, 2003, 2005, 2019; Commercial sample
logs
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Note: the base-Tilston log marker corresponds exactly with the biozone boundary between
Mamet foraminifer zone 8 and zone 9. This is the best-constrained biozone boundary
within the Madison (Petty, 2005).



134-96-24 SWSW
GR Jacobs F-14-24 NDIC #511

i = | 8018-23: Dolostone; burrowed skeletal mudstone
- = 8023-26: Cherty grainstone (base) to packstone (top)
Top Lower Tilston 4 = _ RS
_ 8026-35: Limestone; porous oolitic grainstone
— T
8050 Log Depth = |TS¢ 8035-51: Limestone; calcite-cemented oolitic
—_ grainstone
—8050 Core Depth! — : — _
3 — 8051-83: Limestone; porous oolitic grainstone with 10%
= = il keletal grains and d interparticl it
o 3 — Plug skeletal grains and preserved interparticle porosity
S o P&P 8056° 89% 38md 8076’ 14.4% 130md
£ c = 8071 8.4% 33md 8081 9.4% 22md
o Q — 8072° 89% 73md
S 8 _
—
'|: — 8083-8110: Limestone; porous, skeletal-oolitic
8100 Log Depth — grainstone, with 17% skeletal grains and preserved
. interparticle porosity
_8100 Core Depth /‘ 8099’ 10.4% 15 md
_ ‘ ‘ Base core
TS 20 10 0
Porosity (%)

Base Lower Tilston Interval= base Frobisher-Alida = base Mission Canyon Formation

)Top Bottineau Interval = Top Lodgepole Formation
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Production Summaries for
Facies



Facies |l Production and Petrophysics

* Production

Dolostone

Flow units transition landward into facies | anhydrite
Producing examples:

* Big Stick, Elkhorn Ranch, Tree Top, Little Knife

Flow units can be successfully developed with horizontal wells

* Petrophysics

Most facies Il flow units are thin; commonly about 4’

Thin-bed effect can be an issue with petrophysical evaluation
Best reservoir quality in burrowed dolostone

Laminated dolostone can be porous but with low permeability



Rival Facies Il
Glass Bluff-Elk & Indian Hill Fields

Production & Petrophysics
* 15 productive, cored wells
* Water Saturation
 Average Log Sw = 68% (m=n=2.0 & Rw = 0.018)
* Average Core Sw =51
 Some Rival accumulations in northwest ND
were overlooked originally due to high Sw
* Mud-log oil shows are essential for proper
evaluation of untested areas with porosity
* Production
* Average vertical oil cum from cored, Rival-only
productive wells = 189 MBO (160 acre spacing)



Facies IV Production and Petrophysics
* Production
* Dolostone
* Dominantly in southwest ND and southern Nesson
anticline
 Blue Buttes, Antelope, Big Stick, Elkhorn Ranch,
TR, Tree Top, Whiskey Joe, Little Knife, Fryburg,
Medora
* Petrophysics
* Individual flow units may have uniform
petrophysical properties due to uniform regional
distribution of dolomite crystal size relationships



Facies V Production and Petrophysics
* Production
* Dolomitic limestone & calcareous dolostone
* Areas with thick oil column
* Dominantly in southwest ND and southern Nesson
anticline
* Southern Little Knife field, southern TR-Whiskey
Joe area, Medora-Fryburg area, Blue Buttes,
Antelope
* Petrophysics
* Fryburg-Medora-TR-Whiskey Joe area vertical and
lateral Rw variability complicates log Sw
* With constant Rw, this facies can calculate high Sw
(40+%) with m = n = 2.0 in oil-productive areas
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