Characterlzatlon for
Petroleum Geologlsts
| Geophy31c1sts |
and Engineers

; ROgerM Slatt ! f.:-. :




Contents

Preface

I.  Basic principles and applications of reservoir characterization

1.1
1.2
1.3

1.4
1.5

1.6

1.7

1.8

2. Tools and techniques for characterizing o1l and gas reservoirs . . . . . . ..
Introduction . . . .. ... L
2.1.1  Static and dynamic properties of reservoirs . . . . . . . . ..
Measuring properties at differentscales . . . . . . . ... L.
Computers and the computing enviromment . . . . . . .. .. .. ..
Seismic-reflection and subsurface imaging . . .. . .. .. ... ..
2.4.1 Two-dimensional (2D) seismic . . . .. . .00
2.4.2 Three-dimensional (3D} seismic . . .. .. ... ...
2.4.3  Four-dimensional (4D) seismic . . . ... ... . ... ...
2.4.4  Other seismic imaging techniques . . . . . . ... ... ...
2.4.5 Cross-well seismic investigation . . . . . .. ... ... ..

2.1

22
2.3
- 24

Depositional environments and types of deposits . . . . . . .
1.6.1  Scales and styles ol geologic reservoir he[erogenelty

1.6.2  Hierarchical scales of geologic heterogeneity (levels) . . . . .
When is reservoir characterization important in the life cycle of

1.7.1 Thelifecycleofafield . . . ... ... ... ... ....
1.7.2  Applying reservoir characterization . . . . . . . . . ... ..
The value of case studies . . . . . . .. ... Lo o

Introduction . . . ... . L
Integrating expertise for reservoir characterization . . . . . .. . ..
Oil and gas: the main sources of globalenergy . .. .. . . . .. ..
1.3.1 Resourcesand reserves o . . ... oL
1.3.2  Predicting the remaining resource . . . . . . . . . ... . ..
1.33  The US Geological Survey assessment . . . .. .. ... ..
1.3.4  Some significant comparisons . . . . . .. ... ...
1.3.5 Energy consumplionn . . .. ... ... L L.
The added value of reservoir characterization . . . . . . ... ... ..
Compartmentalization of oil and gas reservoirs . . . . .. .. ... ..
1.5.1 Compartmentalization — The exception, or the rule? . . . ..
1.5.2  The significance of compartmentalization . . . . . . ... ..
1.5.3  The nature of compartmentalization . . . . . . .. .. .. ..

Xi

w M — = —

i

33



2.5

2.6

2.4.6 Multicomponent seismic investigation . . .. . . ... ..
2.4.7 Some pitfalls in seismic analysis . . . . .. ... ...
Drilling and samplingawell .. .. .. .. ... ... .. ..... . .
2.5.1 Conventional logs . . . . . . . . . .o
2.5.2 Unconventionallogs . . ... . ... ... ... L.
2.52.1 Borehole-imagelogs . . . . ... ... L.
2522 Dipmeterlogs. . ... .o oo
2.5.2.3  Nuclear magneltic resonance (NMR) logs . . . . . ..
Summary ..o

Basic sedimentary rock properties . . . ... ..o oL L

31
3.2

3.3

34

Introduction . . . . . . .. ..
Classification and properties of sediments and sedimentary rocks . . .
3.2.1 Siliciclastic sediments and sedimentary rocks . . . . .. ...
3200 Texture ...
3.2.1.2 Composition ... ... o
3.2.1.3 Porosity and permeability . .. ... L
3.2.1.4 Significance to reservoirs . . . ... ... ..
3.2.2 Chemical and biogenic sedimentary rocks . . . . .. . . . ..
Sedimentary structures and their significance . . . . ... 0oL
32.3.1 Physical sedimentary structures . . . . ... ... L
3.3.1.1  Structures formed by currents and waves . . . . . ..
3.3.1.2  Suuctures formed by sediment loading . . . . . . ..
33.1.3 Erosional sedimentary structures . . . . .. ... L.
3.3.1.4 Sandstonc imjectites . . .. ... ...
3.3.2 Biogenic sedimentary structures . . . . . .. ... ...
3321 Bodyfossils. . .. ... ... oL
33272 Tracefossils ... .. ... ... L.
3.3.3 Chemical sedimentary structures . . . . . .. ... ... L.
SUMMATY . . o e e e e e e e e e

Geologic time and stratigraphy . . . . . . .. .. L

4.1
4.2
43

4.4

4.5
4.6

Tneroduction . . . o . oL e e e
North American geologic timescale . . . . . ..., ... . ...
Determining the time frame in which a rock formed . . . . ... . ..
4.3.1 Radiometric age dating (“the clocks inrocks™ . . . ... . ..
432 Relativeage-dating . . .. ... ... ... ... ...
Micropaleontology and biostratigraphy in reservoir characterization .
4.4.1 High-resolution biostratigraphic zonation (biozones) . . . . .
44.2 High-resolution well log and seismic correlation from
biostratigraphy . . . . .. . o
4.4.3 Determining sedimentation rates from biostratigraphy . . . . .
4.4.4 Biostratigraphy and condensed sections . . . . . . . ... ...
44.5 Biostratigraphy and depositional eavironments . . . . . . . . .
Walther’s law and the succession of sedimentary facies . . . . . . . .
Summary ...

35
55
57
62
69
09
75
80
83

85



6.

Geologic controls on reservoir quality . . . . . ... 0oL 159

5.1 Definitions . . . . . .. e 159
5.2 Examination and measurement of porosity and permeability . . . . . 159
3.2.1 Direct observation . . . . ... . 00 159
5.2.2 Dircclmeasurement . . . . .. ... 163
5.3  Prmary grain-size control on reservoir quality . . . ... oL 168
5.4 Diagenesis and reservoirquality . ... ... .. oo 174
5.5 Low-unit characterization for correlation and upscaling . . . . . . . . 177
5.5.1 Flow units that combine geological and petrophysical
properties . .. .. L 178
5.3.2 Gunter et al.’s (1997) method of low-unit characterization . . 180
5.5.3 Upscaling using flow units . . . . . . .. 186
5.6 Capillary pressure and its applications to reservoir charactenzmon . 188
5.6.1 Principles of capillary pressure . . . . .. Lo L 188
5.6.2 Routine laboratory measurement of capillary pressure . . . . . 191
5.6.3 Relationship of £, to pore-throat size and size distribution . . 191
5.6.4 Relationships among porosity, perteability, pore-throat size,
and Pe . . . e e e 194
5.6.5 Relations among capillary pressure, grain-size distributien, and
water saturation (Sy) . . . . L L e 194
5.6.6  Conversion of air-Hg capillary-pressure measurcments to
reservoir conditions . . .. . .o oL 196
5.6.7 Free water level and (lnid saturations in a reservoir . . . . . . 196
5.6.8 Capillarity and seal capacity . . . .. ... . ... ... ... 197
5.6.9 Porc-throat size and capillary pressure from conventional
corg-analysisdata . . . ..o Lo Lo 198
5.7 Scismic porosity Measurement . . . . . . . . . o e e e 199
5.8 SUMMALY . o . e e e 202
Fluvial deposits and reservoirs . . . . . . . .. oo oo 203
6.1 Introeduction . . ... ... .. 203
6.2 Braided fluvial (river) deposits and reservoirs . . . . . . ... ... 205
6.2.1 Processesand deposits . . . ... L o L 205
6.2.2 Reservoirexamples . . . . . .. ... oo 210
6.2.2.1 Murdoch field, NorthSea . . . . . ... .. ... .. 210
6.2.2.2 Rhoude ¢l Baguel fleld, Algeria . . . . ... ... .. 211
6.2.2.3 Prudhoe Bay field, Alaska . . . . . .. ... ... .. 216
6.3  Meandering-river deposits and reservoirs .. .. ..o oL 222
0.3.1 Processesanddeposils . . . . .. oL 222
632 Reservoirexamples . . . . . ... 225
6.3.2.1 Rulison field, Colorado . . . . . .. . .. ... ... 225
6.3.2.2 Stratton feld, Texas . . ... ... ... . ... ... 231
6.4 Incised-valley-ill deposits and reservoirs . . . ... .o L. 235
6.4.1 Processesand deposits . . . . ... oo L 235
6.4.2 Reservoirexamples . . . . ... ... oo 237

6.4.2.1 SoonerUnit, Colorado . . . . ... ... . ... ... 237



6.4.2.2 Sorrento field, Colorado . . . .. ... ... ... ..
6.4.2.3  Southwest Stockholm field, Kansas . . . .. ... ..
6.5 Combination fluvial reservoirs . . . . . ., .. ... . ... ...,
0.6 Summary ...

Eolian (windblown) deposits and reservoirs . . . . . . .. .. .o
7.0 Introduction . ...
7.2 Processes and deposits . .. .o
7.3 Reservoirexamples . . .. .. .
7.3.1 Leman Sandstone gas rescrvoirs, North Sea ... . . ... ..
7.3.2 Roughgasficld, North Sea . . . ... ... .. .. ... .. ..

7.3.3  Pickerill fleld, Nowrth Sea . . . . . . . . . ... .. ... ...
7.3.4 Painter Reservoir field, Wyoming . . . . .. .. ... .. ..

7.3.5 Tensleep Sandstone, Wyoming, USA .. . . ... ... .. ..
7.3.5.1  Location and outcrop characteristics . . . . . . . . .

7.3.52 Outcrop 3D geologicmodel . . .. .. ... ...

7.3.5.3 Application to Tensleep subsurface reservoirs . . . .

T4 SWHIMATY . oo e e e e

Nondeltaic, shallow marine deposits and reservoirs . . . . . . . .. ... ..
81 Introduction . . ... .. . ...
%.2  Shallow marine processes and environments . . . . . ... ... ...
8.3 Shallow marine deposits . . . . ... ... L L oL

831 Offshorebarsorsandridges . . .. . ... ... . ... ....

8.3.3 Muarinc-dominated, incised-valley-fili deposits . . . . . . . ..
8.34 Significance of the origin of deposits . . . . . . . .. ... ..
8.4  Shallow marine reservolrs . . . . ...
8.4.1 The puzzle of Hartzog Draw field . . . . ... ... ... ...
8.4.1.1 Hartzog Draw field as an offshore sand ridge (shelf
bar) (1984-1987) . . . . . ... . ... ... ...,
8.4.1.2 Hartzog Draw field as a lowstand shorelace deposil
(1993-1994) . . .. ..o L
8.4.1.3 Hartzog Draw field as a tidal sand-bar deposit
associated with incised valley Il (1997) . . . . . ..
8.4.2 Terry Sandstone, Denver Basin, Colorado
8.5 Barrier island deposits and reservoirs . . .. ...
85.1 Complex processes and deposits . . . . .. ... ... . .. ..
8.5.2 Bell Creck and Recluse fields, Montana and Wyoming, USA
8.0 SUmmary ... .. e

Deltaic deposits and reservoirs . . . . .. ..o L
9.1 Introduction . . .. .. . ...
6.2 General delic processes, environments (physiographic zones), and

EYPES . . e e e
9.3 River-dominated delta deposits apd reservolrs . ... L L L L

275
275
275
280
281
282
280
287
283
288

289

290



03,1 Processesanddeposits . . . .. ... L
9.3.2  Reservoir example: Prudhoe Bay field .. ... ... ... ..
9.4 Wave-dominateddeltas . . . .. ..o o000
0.4.1 Processes and deposits . . . ... o0
9.4.2 Reservoirexample: Budare field . . . . . . .. ...
9.5 Tide-dominateddeltas . . . .. ... .. .. ... L.
9.5.1 Precesscsand deposits o oo o0 0o
0.5.2 Reservoir example: Lagunillas field . . . . ... ... .. ..
0.6 SUMMAry . . . . . . ...

. Deepwater deposits and rescrvoirs . .. oL oL

111 Introduction . . . . . . ..
L0 Definitions . . . o0 0 00
10.1.2 Global deepwaler resources . . . . . . .. ...

10.2 Sedimentary processes operative indeepwater .. . . .o oL

10.3 Depositional models . . ... .. .00

10.4 Architectural elements of deepwater deposits . . . . . . . . .. ...
10.4.1 Sheet sandstones and reservoirs . . ... ... 0oL

104,01 Augerfield .. . ... oo oL
10412 Mensafield . . . . ... ... . o L

10.4.2.2 Garden Banks 191 ficld, northern Gulf of Mexico . .
10.4.2.3 Andrew field, UK Sector, North Sea . . . ... ...
10.4.2.4 Girassol field, offshore Angola
10.4.3 Levee deposits and reservoirs © . .. Lo L
10.4.3.1 Ram Powell L sand reservoir e e
10.4.3.2 The M4.1 sand, Tahoe field, northern Gulf of Mexico
10.4.3.3 Falcon field, northwestern Gulf of Mexico . . . . . .
TS5 Summary o000

. Sequence stratigraphy for reservoir characterization . . . . . ... ... ..

1L Introduction . . .o .00 000
11.2 Basic definitions and concepts . . . . . . . ... ... L.
11.2.1 Definitions and concepts related to the ocean water column in

time and Space . ...

11.2.2 Definitions and concepts related to sediment accumulation
within a sequence stratigraphic framework . . . ... . .. ..

11.2.3 Definitions and concepts related to temporal cyclicity of sca-
level fluctuations and sediment accumulation, within a chrono-
stratigraphic framework . . . .. oL 0o 0L

1.3 Developing a sequence stratigraphic framework . . . . . .. ... ..
11.3.1 Identifying a key surface as a starting point . . . . . ... ...
11.3.2 Identifying and correlating systems tracts . . . . .. . . . . ..

379
379
382

382
384
396
4K}

400
403



