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One day PTTC course on characterization of sandstone

reservoirs, with emphasis on compartmentalization and its effects
on reservoir performance

Roger M. Slatt
School of Geology and Geophysics, University of Oklahoma

-Scales of reservoir characterization and classification
-Fluvial reservoirs

-Eolian reservoirs

-Structural compartmentalization

-Shoreface reservoirs

-Barrier Island reservoirs

-Deltaic reservoirs

-Deepwater reservoirs
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Reservoir
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ectural elements” of a reservoir

Reality.

(Modified from OIPA, October, 2001)




Phases of a Typical Qil Field Life Cycle |

Mapping & reconnaissance

Acquire/divest

| Prospect generation

Enhanced recovery

- Discovery

Primary production

Reservoir delineation

Facilities

(Modified from Oil and Gas Journal) |



... but even with a 3D survey,
the reservoir pressure isn’t what
I expected.

(WesternGeco ad, July, 2002, AAPG Explorer)




Reservoir performance is governed by

features that are often beneath seismic
resolution or detection (‘sub-seismic
scale”)




| Geology vs. Seismic Resolution |
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Tools for reservoir characterization

Core to FMi Log Calibration Examp

Stotic Dynamic
Image Image

Cores & borehole Computer 3D
image logs geologic models

Outcrops



|

'S
Surface Geophysics
3
0

Pressure Test

Outcrop Studies
Fm. Tests

Scale (Feet)

Image Analysis

enbiuyos] aAiebisau]




19

WATERFLOOD

INJECTION WELL PRODUCTION WELL

A,

e L S R R

W T

1A SR D BN LA KA ¢ 8 4

“

The “Real World”

Li s AR R VAN i st sk o 3

=
¥
v
Bttt 100



ENGINEER Two stonecutters

0
% \

were asked what
they were doing.

The first said, “I’m
cutting this stone
P into blocks.” The

" GEOLOGIST|| second replied, “I'm
g on a team that’s

' building a
We need to work together!!!! cathedral.”

" /

Author unknown






Scales of geological

heterogeneity of sandstone
reservoirs:

What the geophysicists (and reservoir
engineers) need to know!!!

Roger M. Slatt
School of Geology and Geophysics
University of Oklahoma
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Geologic features of sandstone reservoirs

which control reservoir performance

-Size

-Geometry (shape)

-Architecture (internal makeup)

-Bed dimensions, continuity, & connectivity

-Structural attributes (faults, fractures,
folds)

-Grain size and composition

-Porosity, permeability, and capillarity

-Burial depth and history

-Drive mechanism




“Three geophysical components:
-Source

-Medium Geologic Reservoir
Receiver” Characterization:

Levels of : 1 (big)
heterogeneity 2

3

4

5

6

7 (small)

Quote from: Evgeni Chesnokov




Level 1: My reservoir is made of:

andstone:

arbonate:

hale (fractured):

C.




Level 2: My sandstone reservoir is made of:

ENVIRONMENTAL SETTING OF
CLASTIC STRATIGRAPHIC TRAPS

Continental
deposits:

Mixed
deposits:

Marine
deposits:

{(BROWN, 1972)




Level 3: My continental sandstone reservoir is
made of:

ENVIRONMENTAL SETTING OF
CLASTIC STRATIGRAPHIC TRAPS

_ Alluvial fan deposits
Fluvial P

deposits

Eolian
deposits

Lacustrine
deposits

(BROWN, 1972)




Level 4: My continental, fluvial

sandstone reservoir is made of:

Incised Valley Fill
deposits

Mea}ldering River
deposits

Braided River
eposits




Level 5: My
meandering river sandstone

reservoir is made of-

continental

fluvial,

Meandering River
Overbank (flodplain)

Point bar
N

Cutbank

Vertical stratigraphy
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Level 6: Reservoir |&mmespios -

Quality: Porosity S
& Permeability

Permeability varies
with sediment grain
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Level 7: Structure
Feature @ Seismic = Sub-seismic

Fault

Fold

Diapir

See next images

Fracture - - - - - .




“Three geophysical components:
-Source
-Medium

. Geologic Reservoir
-Receivei Characterization:

Levels of
heterogeneity:

These are the important levels

{ Communications
LR L R | for reservoir development

NOORAWDMN

‘Quote from: Evgeni Chesn




ENVIRONMENTAL SETTING OF
CLASTIC STRATIGRAPHIC TRAPS

(BROWN, 1972)




Level 2: My sandstone reservoir is made of:

ENVIRONMENTAL SETTING OF
CLASTIC STRATIGRAPHIC TRAPS

Continental
deposits:

EOLIAN &
SYSTEM
Q"

Mixed
deposits:

Marine
deposits:

(BROWN, 1972)



Level 3: My continental sandstone reservoir is
made of:

ENVIRONMENTAL SETTING OF
CLASTIC STRATIGRAPHIC TRAPS

Alluvial fan deposits

Fluvial
deposits

Eolian
deposits

L OLIA
SYSTEM

Lacustrine
deposits

(BROWN. 1972)




Level 4: My continental, fluvial
sandstone reservoir is made of:

Incised Valley Fill
deposits

Mea}ldering River
deposits

Braided River
deposits




Level 5: My continental, fluvial,

meandering river sandstone

reservoir is made of:

Meandering River Mud plug y Point bar Cutbank
Overbank (floodplain) - NG T —— .

Vertical stratigraphy
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Meander bend in river, showing ripples and
cutbank and point bar
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Level 6: Reservoir Gamma or SP log

Quality: Porosity
& Permeability

Permeability varies
with sediment grain
Size (even after

Regressive IL'-L'

Transgressive rr'_rﬂ

| S PR H N
0 10 20 30 40 50

Black dots refer to relative
grain-size of sands at each
stratigraphic level

Oil saturation (%)

Remaining oil saturation after waterflood

cementation)
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Level 4: My continental, fluvial
sandstone reservoir is made of:

Incised Valley Fill
deposits

Mea}ldering River
deposits

— Braided River

deposits
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[ wet

Uplands Resources WB Sell 82
Sec. 21, T17N, R12E (GL. 728
Core: 1420 to 1575 ft in 3 runs: rec 153 ft; lost 2 ft from bottom
Other logs include: SP, ILM, ILD, FMI, Densﬂy, Neutron, Sonic.

[S(API #35-037-2844.)

splay

Il flood-plain mudstone

meandering channel fill

braided channel fill
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Structural cross section. Note that ‘updip’ is to the northeast.
Oil will migrate in the updip direction, and be more abundant there.
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INCISED VALLEY FILL RESERVOIRS

* VALLEY IS INCISED DURING FALL IN SEA (BASE) LEVEL

* VALLEY IS FILLED DURING TURNAROUND AND RISE
IN SEA (BASE) LEVEL

* IDEAL VERTICAL SEQUENCE:
-BASAL FLUVIAL LAG
-ESTUARINE STRATA
-OPEN MARINE STRATA

* LATERAL SEQUENCE: ESTUARINE TO FLUVIAL IN
THE PALEO-LANDWARD DIRECTION

* ENCASED IN MARINE SHALE, SO GOOD STRAT. TRAP



Incised valley and its partial fill

TSE

N T LA o A P e i, '\,—--—!_n-_,\ o)

ABANDONED RIVER
COURSE £

RESERVOIR 1

(WEIMER, 1994)




Valley carved (incised) into shelf strata
(often mudstones) during drop in

sea level. Valley begins to fill with fluvial (lag) gravels

and'associated deposits during

D

turnaround and early rise in sea level. Later
fill may become estuarine.

ST BRI

RO NGl

SEALEVEL

Tillman and Pittman (1994) i

TSFERI TR S R e (TR ] , SEA LEVEL

Tillman and Pittman (1994) &

COMPLETIE DE:p
INCLI

Idealized incised valley fill: incision
during falling stage, fluvial during

turnaround and early rise, and g i
estuarine with later rise. Marine muds | st ENEEREN. - o=
cap the sequence when the valley " s - T
is filled.

ENCE (SHQUENCE o MARINE MUDS
ROUNDARY)

INCISED. VALLEY-FILL . '
SEQUENCE

[ZZ) ESTUARINIZBAY MUDS

"] ESTUARINE SANDS

M AGGRADED FLUVIAL SANDS

'LOWSTAND FLUVIALLAG
$1F RECOGNIZANLE)

QLDER SEQUENCE

" LOWSTAND
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Location

of

20-mile-long  "Stateline Trend" Morrow

Sandstone fields, which produce from valley-fill sandstone
reservoirs. Southwest Stockholm field, Kansas, is located in

Greeley

and Wallace counties, Kansas.
(Tilmand and Pittman, 1993)

R43W  R42W

*l
R41W
_¢12
8 "'.’
N | &
o (2
Qg
D |¥ | WALLACECO T158
o GREELEY £0.] gt T168
:":n:l: e o
+ ,;/; g
B 126 &
C[oM
1'l:¢. $uﬂ ,¢13(' 7
4
+ w [
Z|0
2| o
] -
A
s D JTING-WVFTT 5
z Eg My g 3
SEET [ 3t
‘¢:46 &4- SC970LR TERVAL FE::“’
1
R41W  R43W R43W R42W

Base map, outlining borders of Southwest Stockholm field,
Kansas. Location of stratigraphic cross sections X-X', Y-Y' and
W-W'is indicated. Cored wells described in this study are indicated
by circles. Type log well (Fig. 5) is indicated by a triangle. A
list of all numbered wells on this map is available from the senior

author.
(Tillman and Pittman, 1993)




TYPE LOG
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TABLE III

PHIROPHYSICAL PARAMETERS FOR RESERVOIR FACIES
SOUTHWEST STOCKHOLM FIELD

K e K/ Ris
Fluvial Sandstones {md) (%) (microns)
Mean 703 16.3 39.8 19
Range 129-1890 11.7-20.6 11.0-92.2 11.2-33.5
Tidal Sandstones
Mean 80.8 14.4 5.6 7.1
Range 50-111 11.5-17.8 4.1-7.2 6.0-8.4



Sorrento
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Sandstone Thickness - GR < 75

Static Pressure Test Results

BB e e e . e
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(LI

BO - [ .
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Prossure @ ~1000", psl

Mark, 1995




#7 McCormick
Sec 33 T13S / R49W

Gamma ray Def;tath Neutron  Density

Computed Gamma Profile
lithology ray Neutron| Density  permeability Facies

|

Log scale

Flow unit 3

Flow unit 2

Flow unit 1

Lower shoreface | — ——
siltstone -~ Marine shale -




Incised Valley Topography and Valley Fill Facies
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Mark, 1995




Compressional Wave Mid-Morrow Amplitudes
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P Wave 3D seismic
survey

Vp/Vs Top of Morrow to Mississippian Interval
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EOLIAN DEPOSITS &
RESERVOIRS




Level 3: My continental sandstone reservoir is
made of:

ENVIRONMENTAL SETTING OF
CLASTIC STRATIGRAPHIC TRAPS

Fluvial Alluvial fan deposits

deposits

Eolian
deposits

Lacustrine
deposits

(BROWN, 1972)




Dust storms
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WEBER SANDSTONE,
RANGELY FIELD, CO.
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ecent Advances in Outcrop-Base
3-D Modeling

Neil Hurley
Bozkurt Ciftci
Ali Raba’a
Chris Zahm
Colorado School of Mines



Research Objectives:
Tensleep Sandstone

Use superb outcrop exposures in parallel
canyon walls to identify the geometry
and volumetric sizes of dune-related
reservoir compartments.






Tensleep Sandstone

Goose Egg Formation

Eolian Sandstones Upper Tensleep

Marine Sandstones

Lower Tensleep

Carbonates

Mudstones
Ranchester Limestone

Wheeler, 1986



Bounding Surfaces in the Tenslee




Lapprox. 10 m

1st Order 2nd Order 3rd Order

Bounding Surfaces Bounding Surfaces Bounding Surfaces

across the surface 0.0259 md
across the surface 0.230 md
® > ® >

above the surface g.283 md ©across the surfacg&E)Z?S md above the surface 0.821 md
-+

bewlow the surface 1.12 md

-

across the surface 0.592 md across the surface 0.022 md
® > ©

across the surface 7.12 md
-

below the surface 0.640 md

below the surfaCﬁ 5.28 md above the surface 0.288 md




GPS (Global Positioning System)




Field Work
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3-D Model
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Structure
Feature @ Seismic = Sub-seismic

Fault
Fold

Diapir

Fracture - - - - . .
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Well #1 RFT RESULTS

TVDSS HYDROSTATIC FORMAT!ON | .
(FT) PRESSURE (PSIA) PRESSURE (PS!A) REMARKS o

-- 5306.6
9026 5323.9
9036 53289 .
9045 5334.9
9057 5341.1 e R IR -
9057 5339.1 4 Go dTest
-- 5317.2 | - - Tight '
9076 5354.2 . Go dTest S
-- 5379.2 - Se 1Fallure
-- 5384.3

- 5416.6 T:gIth

Well #2 RTF RESULTS !

|
T

MDRKB TVDSS  HYDROSTATIC FORMATION

(FT)

8787
8811
8818
8829
8843
8849
8857
8869

(FT) PRESSURE (PSIA) PRESSURE (PSIA)-_REMAI?KS__   ,' -

8640 4628 40675 . Tight
8664 4643 - . . 40538 - Got
8671 4649 4056.7 - . 8

8682 4655 4055.7 Good Hermeablhty S
8696 4657 4056.4 Good Hermeablhty
8702 4659 4057.6 Good Hermeablhty
8710 4663 4058.1 Good Permeability
8722 4671 4059.2 Tight



Well #3 RFT RESULTS

MDRKB TVDSS HYDROSTATIC FORMATION
(FT) (FT) PRESSURE (PSIA) PRESSURE (PSIA) REMARKS

8698 8572 4431 3980.0 Good Permeab}hty a
8720 8596 4440 3983.2 (Good Permeab}hty,;
8732 8608 4445 39834 . Good Per bility -
8740 - 4448 R T

8766 8642 4445 , 3986.3  Good Permeabihty
8784 8660 4447 3986.5 - Good Permeabllity
8814 8690 4490 3989.1 ~ Good Permeability |
8828 8704 4488 3990.0 Good Permeability |
8830 - 497 Tight

8843 4497 Tight

8845 4501 Tight

8847 4499 Tight

Well #4 RFT RESULTS

MDRKB TVDSS HYDROSTATIC  FORMATION
(FT) .~ (FT) = PRESSURE (PSIA) PRESSURE (PSIA) REMARKS

8578 - 4485 - P - Tight
8582 8457 R 9 9 . Good Test
8506 8471 © 44941 764 . Good Test
- 8620 8495 - - 44685 .. Good Test
-.8630-. . 8505. " : .Supercharged?
' 8515 i .Good Test
8535 . : 8. .Good Test
8555 . o . Good Test
. - . : c Tight
8575 8 . Good Test
8596 . . Good Test
8620 8 . Good Test
- - Tight
Tight
Tight




Guage Depth TVDSS (ft)

Fault zone compartmentalizes
the reservoir; different depth vs.
pressure trends on opposite
sides of fault zone

@ Well #1

A Well #2
8,500 & Well #3

W Well #4

$ |
8,700 % \
8,900 0
. h
9,100 : .
3,960 4,000 4,040 4,080

Formation Pressure (Psia)




Small faults
can
compartmentalize
a reservoir




Bed Thickness

|~ Zone Clay Fraction

Sandgstone

Shale Gouge Ratio (SGR)

SGR = Sum [(Zone Thickness) X (Zone Clay Fraction)]
Fault Throw

X 100

Note: " x 100 " is a modification, generating whole numbers

Fault Throw (ft)

SGR = Sum [(Zone Thickness) X (Clay Fraction)] X100
Fault Throw
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Post Drill, Pre FMS log

—~——— N81°W(279°)

$81°E (99°) ~———»

1. 161 FT |
{ {inciudas gyroscopic comeclion) 1
(NEW)
HSR-ELLIOT FARMS 2-18 HSR-ELLIOT FARMS 2-18A
NWNE 18-3N-6TW NWNE 18-3N-67W
841 FNL, 1999° FEL(SFC) 850’ FNL, 1860’ FEL
ke 4852 KB 4852
o
|/
]
1900— i
]
]
i
]
1‘ '
{-2000)—
Niobrara G g [ e = R U
A} Niobraraa e | e
(-2100— e
(-2162) ;l N Ll -
e ’ -
c | c. l' ; € .
21— | S - =
T22) ,' DATUM (-2200)
! |
1
o
i
]
|
(-2300)—
(2215 1 (-2310)
CODELL CODELL l' CODELL
I
]
i
]

300

v
-
l | |

200

STRUCTURAL COMPARISON
2-18 & 2-18A ELLIOT FARMS

POST-DRILLING, PRE-FMS
NWNE Sec18-T3N-R67W




Post Drill, post FMS log
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SHALE GOUGE RATIO_CALCULATION FOR TERRY SANDSTONE

Two wells in Sec. 20

12519 Struct ural Elev. = 4 33 ft. GOR= 104,500
14079 Struct ural Elev. = 380 ft. GOR= 200
Well GOR Spud Date Distance Apart
12519 104,500 11/ 88

app. 13 00ft. (420m)
14079 200 12/ 88

Assume 15 % clay in the Terry Sandsto ne
Assume 15 0ft. th ickness of Terry Sandston e
Shale Gouge Ratio = (150ft.)(15)/( 433 —380) =42

Assume SGR = 25 for fault gouge to occur , therefore there is
gouge present.
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CONCLUSIONS

* FAULTS MAY BE SEALING IF FILLED WITH CEMENT
AND/OR GOUGE

* GOR’S MAY BE USEFUL FOR DETECTING SEALING
FAULTS IN THE ABSENCE OF PRESSURE
DATA

* FAULTS MAY BE BENEATH SEISMIC RESOLUTION

* TO DETECT SUB-SEISMIC SCALE FAULTS REQUIRES
DETAILED MAPPING

* SMALL COMPARTMENTS MAY BE UNTAPPED;
CLOSELY SPACED WELLS MAY BE
PRODUCTIVE
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Figure 1. This figure (based on figure 1, p. 64, in Vail et al., 1977) il

paracycies deposit parasequences (Van Wagoner, 1985). (Kamola,
19935)




-a— RISE FA L — -a— RISE FALL —
Figure 1. This figure (based on figu. < 1, p. 64, in Vail et al., 1977) illustrates the original
relationship between cycle and parac) -le, as defined by Vail, Mitchum, and Thompson.
According to the original figure, "cycles consist of relative rises and falls of sea level,
commonly containing several paracycles, \ ‘hich are smaller scale pulses of relative rises
to stillstands™ (Vail et al., 1977, p. 64). Cycl. s deposit sequences (Vail et al., 1977),
paracy cles deposit parasequences (Van Wagos. or, 1985). (Kamola, P. Van Wagoner,
1993)
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Figure 1. This figure (based on figure 1, p. 64, in Vall et al,, 1977) illustrates the original
relatiunship between cycle and paracycle, as deflned by Vail, Mitchum, and Thompsan.
According to the original figure, “cycles consist of relative rises and falls of sea level,
conunounly containing several paracycles, which are smaller scaie pulses of relative rises
1o stillstands” (Vail et al., 1977, p. 64). Cycles deposit sequences (Vail et al., 1977),
paracy cles deposit parasequences (Van Wagoner, 1985). (Kamaola, P. V'an Wagoner,
1995
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Figure ). Fhis figure (based on figure I, p. 63.in Vail et al., 1977) illustrates the original
relativnship between cycle and paracycle, as defined by Vall, Mitchum, and Thompson.
According to the original figure, "cycles consist of relative rises and falls of sea jevel,

commmonly containing several paracycles, which are smaller scale pulses of relative rises

parasequences
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PROGRADATIONAL PARASEQUENCE 51

to stiflstonds™ (Vail et al., 1977, p. 64). Cycles deposit scquences (Vail et al,, 1977),
paracy cles deposit parasequences (Van Wagoner, 1988). (Kamala, P. Van Wagoner,
1995)
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SHOREFACE RESERVOIRS

* HAMBERT FIELD EXAMPLE FORMED DURING
OVERALL PERIOD OF MARINE TRANSGRESSION

* INDIVIDUAL SANDSTONES DEVELOPED DURING
PERIODS OF RELATIVE STILLSTAND OF SEA
(BASE) LEVELWHEN SEDIMENT SUPPLY
EXCEEDED SEA (BASE)LEVEL RISE. RESULTED
IN PROGRADATION.

 END RESULT IS A SERIES OF SHOREFACE
SANDSTONES SEPARATED BY LATERALLY
CONTINUOUS SHALES; i.e. COMPLEXELY
COMPARTMENTALIZED RESERVOIR



CONCLUSIONS

* SHOREFACE SEQUENCES ARE INTERNALLY
COMPLEX |

* INDIVIDUAL SANDSTONES ARE SEPARATED BY
LATERALLY CONTINUOUS TRANSGRESSIVE
MARINE SHALES WHICH CAN VERTICALLY
ISOLATE INDIVIDUAL SANDSTONES

* PORO./PERM. VALUES WILL VARY WITH FACIES
(UPPER, MIDDLE, LOWER SHOREFACE)

* HIGH RESOLUTION SEQUENCE STRATIGRAPHY
SHOULD BE APPLIED TO SHOREFACE
- SEQUENCES



BARRIER
ISLAND DEPOSITS & RESERVOIRS
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Subenvironments in a barrier-island
system. (From Walker, 1984.)
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Figure 9.14

Subenvironments in a barrier-islang
system. (From Walker, 1984}
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Figure 9.14

Subenvironments in a barrier-istang
system. [From Walker, 1984.)
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Figure 9.14

Subenvironments In a barrier-isiang
system. (From Walker, 1984.)
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TABLE 7-1. OIL PRODUCTION FROM SELECTED MUDDY FIELDS, NORTHEASTERN
POWDER RIVER BASIN, MONTANA AND WYOMING

Discovery Production®
date Producing wells ‘
Name (mo/yr) (TotalJan. 1,1977) (Annual 1976) (Cumulative Jan. 1, 1977)
Bell Creek B 6/67 196 180 8.75 86.3
Hilight 2/69 195 176 3.82 57.6
Recluse R 8/67 58 46 8.38 20.8
Gas Draw 8/68 83 47 1.8 19.7
Rozet 4/59 28 28 0.70 15.7
Kitty 8/65 175 161 0.50 15.1
Springen Ranch 11/68 43 28 0.70 8.9
Collums 2/69 42 23 0.20 5.4
Sandbar, East 1/68 24 12 0.10 4.2
Sandbar, West 2/68 16 11 0.06 3.3
Rozet East 6/61 8 8 0.16 1.7
Mill 3/69 22 22 0.01 1.5
Gillette 10/62 11 0 0 1.3
Recluse SE 12/68 4 0.02 . 0.4
L-X Bar 2/73 7 7 0.10 0.6

Soukcs: Data from International Oil Scouts Association, Yearbook 1977.

"Production in million barrels of crude oil.
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Sedimentary structures. The Muddy sandstone shows a sequence similar

to that of the barrier island, and a typical section is shown in a core from the well
Boekel 21-14, as follows:

Unit Thickness ft (m)

1. Eolian sandstone, very fine grained, massive. 5 (1.5)
2. Beach and upper-shoreface sandstone, fine grained,

laminated. 5 (1.5
3. Middle-shoreface sandstone, fine grained, massive '

or with discontinuous laminae. 10 (3)
4. Lower-shoreface mudstone, shaly, highly biotur-

bated. 3 (0.9

Total 23 (D)

This sequence is identical to that of the modern barrier island at Galveston Island
(Figure 7-4).
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