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 (PETE 663 — Formation Evaluation and the Analysis of Reservoir Performance (Fall 2003))
 Module for:Introduction to Shaly Sand Analysis
 J. L. JensenW.B. Ayers
 T.A. BlasingameDepartment of Petroleum Engineering
 Texas A&M UniversityCollege Station, TX 77843-3116
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 Shaly Formations: General Information
 The Archie equations for porosity and water saturation assume a clean formation with a non-conductive matrix.Shales conduct electricity — and shaly sand conductivity varies with clay type, shale origin, and fluid composition.
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 Shaly Formations: Issues
 Shaly Formations:Fresh formation waters can cause conven-tional well log analysis to overestimate water saturation.Relatively saline (salty) formation waters lead to low resistivity, which may cause pay zones to be bypassed (or not recognized).Thinly-bedded zones may cause conventional well log analysis to underestimate porosity and to overestimate water saturation.
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 Shaly Formations: Formation Evaluation
 In formation evaluation, the terms "shale" and "clay" are used synonymously.In fact, shales may be:
 Mineralogically complex (many minerals).May have variable properties.
 And for clay:May refer to a grain size (diameter < 0.004 mm).May refer to a class of minerals (e.g., illite, smectite, montmorillonite, chlorite, kaolinite).
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 Shaly Formations: Points of Interest
 This lecture :Shales/clays have several origins and forms:Shales/clays affect the following:
 Porosity.Permeability.VShale (shale volume, as a fraction).—Estimates of VShale.—Assumptions regarding the reservoir.—Well log analysis.
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 What is shale:
 Shale is type of clastic sedimentary rock:Comprised dominantly of clay minerals and other clay-size fragments.Contains some silt-sized grains of:—Quartz.—Feldspar.—Other minerals.—May contain organic fragments. (source rock)
 Shale is fissile — splits along bedding planes.Claystone — massive features — not fissile.
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 What is clay:
 Clay is the name for a family of alumino-silicate minerals including:
 Kaolinite ("discrete particle")Chlorite ("pore lining")Illite ("pore bridging")SmectiteMontmorillonite
 Clay is a class of clastic sediments with a grain size (diameter) < 0.004 mm (< 4 microns)
 May contain clay minerals, quartz, feldspar minerals, etc.
 Clays form approximately 40% of sedimen-tary rocks.
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 Grain-Size Classification (Clastic Sediments)Name Millimeters Micrometers
 BoulderCobblePebbleGranuleVery Coarse SandCoarse SandMedium SandFine SandVery Fine SandCoarse SiltMedium SiltFine SiltVery Fine SiltClay
 4,096256644210.50.250.1250.0620.0310.0160.0080.004
 500250125
 62311684
 (modified from Blatt, 1982)
 MU
 DST O
 NE
 SAN
 DSTO
 NE
 CO
 NG
 LOM
 ERA
 TE
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 Sedminentary Rock Types:
 RelativeAbundances
 Mudstone(Siltstoneand shale)
 (clastic)~75%
 Sandstone andConglomerate
 (clastic)~11%
 Limestone andDolomite
 (carbonate) ~14%
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 Mineral Composition Sandstone
 Clay Minerals
 Quartz
 Feldspar
 Rock Fragments
 Carbonate
 Organic Matter,Hematite, andOther Minerals
 5 (%)
 65
 10-15
 15
 <1
 <1
 (modified from Blatt, 1982)
 Shale
 60 (%)
 30
 4
 <5
 3
 <3
 Detrital Mineral Composition: Shale/Sandstone
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 Sandstone: Major Components
 Framework:Sand and silt-size detrital grains (load-bearing).
 Matrix:Silt and clay-size detrital material.
 Cement:Minerals precipitated post-deposition, during burial and diagenesis (several sequences possible).Cements fill pores, may replace framework grains.
 Pores:Voids among the above components.
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 Sandstone: Major Components (Schematic Diagram)Geologist’s Classification
 MATRIXFRAMEWORK(QUARTZ)
 FRAMEWORK(FELDSPAR)
 CEMENT
 PORE
 Note different use of "matrix"by geologists and engineers
 0.25 mm
 1.Framework2.Matrix3.Cement4.Pores
 Engineering"matrix"

Page 13
                        
                        

Introduction to Shaly Sand Analysis (PETE 663 — Fall 2003) Slide — 13
 Sandstone Composition: Framework Grains
 PRF KF
 P
 KF
 Q
 Q
 Photo by R. Kugler
 Framework:KF = Potassium Feldspar (Stained yellow with a chemical dye)PRF = Plutonic Rock FragmentQ = QuartzP = Pore (Pores are impregnated with blue-dyed epoxy
 Norphlet Sandstone, Offshore Alabama, USAGrains ~0.25 mm in diameter/length
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 Comparison of Rock Composition:
 SandGrains
 ClayMatrix
 ChemicalCement
 QuartzFeldsparRock Fragments
 QuartzCalcite
 Hematite
 IlliteKaoliniteSmectite
 AverageSandstone
 AverageMudrock(Shale)
 AllochemicalGrains
 ChemicalCement
 MicrocrystallineMatrix
 Calcite
 FossilsPelloidsOolitesIntractlasts
 Calcite
 AverageSparry
 LimestoneAverageMicritic
 Limestone
 Clastic Rocks Carbonate Rocks
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 PETROGRAPHIC SANDSTONE CLASSIFICATION
 QUARTZ + CHERT
 FELDSPARUNSTABLE
 ROCKFRAGMENTS
 5 5
 25 25
 25 25
 2525
 50 50
 5010 10
 Quartzarenite
 Subarkose Sublitharenite
 LithicSubarkose
 Arko
 se
 LithicArkose
 FeldspathicLitharenite
 Litharenite
 Modified from McBride, 1963
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 Origin of Shale and Clays: (Sandstone)
 Authigenic(Naturally Formed)
 Detrital(particles)
 From Halliburton EL-1007
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 Origin of Shale and Clays: (Sandstone)
 Dispersed Clay
 Clay Lamination
 Structural Clay(Rock Fragments,
 Rip-Up Clasts,Clay-Replaced Grains)
 φe
 φe
 φe
 ClayMinerals
 Detrital QuartzGrains
 Detrital QuartzGrains
 Detrital QuartzGrains
 Clay
 Clay
 Clay
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 Occurrence of Shale/Clay: Structural Shale
 Structural Shale:Replaces matrix (or feldspar) or can occur as detrital grains.May not affect porosity/permeability.Example — clast lag in channel deposits.Clay composition may differ from nearby shales.
 Structural Clay(Rock Fragments,
 Rip-Up Clasts,Clay-Replaced Grains)
 φe
 ClayMinerals
 Detrital QuartzGrains
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 Occurrence of Shale/Clay: Laminated Shale
 Laminated Shale:Interlayered with sand.Affects porosity/per-meability.Common scenario —shale laminae.Composition should be similar to nearby shale.
 Clay Lamination
 φe ClayMinerals
 Detrital QuartzGrains
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 Examples of Shale in Whole Core
 From: Simulator Parameter Assignment and the Problem of Scaling in Reservoir Engineering — Halderson (1986).
 Whole Core Photograph, Misoa Sandstone, Venezuela), W. Ayers.
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 Depositional Environment: River DeltasSTS61A-42-0051 Mississippi River Delta, Louisiana, U.S.A. October 1985 STS084-721-029 Selenga River Delta, Lake Baykal, Russia May 1997
 Which environments are most likely to result in:Structural shales/clays? (regular deposition)Laminated shales/clays? (irregular deposition)Clean sands? (high energy environment)
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 Bioturbation
 Bioturbated SandstoneRegularLayers
 IrregularLayers
 Mottles(Distinct)
 Mottles(Indistinct)
 HomogeneousDeposits
 (Whole Core)
 Burrows
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 Occurrence of Shale/Clay: Dispersed Shale/ClayDispersed Shale/Clay:
 Pore-filling clays (very common).Forms in-situ (authigenicclays form through dia-genesis).Composition may differ greatly from nearby shales.Porosity and permeability reduction depend on volume and type of clay minerals.
 Dispersed Clayφe
 ClayMinerals
 Detrital QuartzGrains
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 Diagenesis
 CarbonateCemented
 OilStained
 Whole Core Photograph, Misoa Sandstone, Venezuela), W. Ayers.
 Diagenesis:Post-depositional chemical and mechanical changes that occur in sedimentary rocks.
 Diagenetic effects:Compaction.Precipitation of cement.Dissolution of framework grains and cement.
 Diagenesis may:Enhance or degrade reser-voir quality.
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 Sandstone Porosity: Intergranular Porosity
 QuartzGrain
 Pore
 Scanning Electron Micrograph (photomicrograph by R.L. Kugler)Norphlet Sandstone, Offshore Alabama, USA
 Porosity in sandstones is typically is lower than that of an idealized packing of spheres due to:
 Variation in grain size.Variation in grain shape.Cementation.Mechanical and chemical compaction.
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 Sandstone Porosity: Pore Throats with Overgrowths (1/2)
 PoreThroat
 Scanning Electron Micrograph (photomicrograph by R.L. Kugler)Norphlet Sandstone, Offshore Alabama, USA
 Pores provide vol-ume to store fluids.
 Fluids can be stored between and/or within the grains.
 Pore throats connect pores — may con-strict flow.
 The "impedance" to flow imposed by the pore throat must be recognized.
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 Sandstone Porosity: Pore Throats with Overgrowths (2/2)
 Scanning Electron Micrograph (photomicrograph by R.L. Kugler)Tordillo Sandstone, Neuquen Basin, Argentina
 Note the nature of the pore throat — and the associated over-growths of clay.Some overgrowths provide additional pore space known as microporosity.
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 Dispersed Clay Types:
 Kaolinite — booklets, particles.Moderate effect on permeability.
 Chlorite — linings, coatings.Significant reduction in permeability.Traps water.
 Illite — pore-bridging tangles.Acts to choke pores and pore throats.Significant reduction in permeability.Illite will collapse when dry, yields erroneous estimates of porosity (too high).
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 Dispersed Clay Types: Authigenic Kaolinite
 Secondary Electron Micrograph (Photograph by R.L. Kugler)Carter Sandstone, North Blowhorn Creek Oil UnitBlack Warrior Basin, Alabama, USA
 Authigenic KaoliniteForms booklets or "discrete particles."Can cause significant re-duction in permeability, generally moderate.Yields a high irreducible water saturation.Fines migration is also a possibility with Kaolinite.Kaolinite is NOT recognized using the conventional Gamma Ray (GR) log.
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 Dispersed Clay Types: Authigenic Chlorite
 ~ 10 µm
 Scanning Electron Micrograph (photomicrograph by R.L. Kugler)Norphlet Sandstone, Offshore Alabama, USA
 Authigenic ChloriteForms a "pore lining" — i.e., a thin coat on the detritalgrain surfaces.Chlorite is rich in iron and will react with acids.Generally occurs in deeply buried sandstone reservoirs.Chlorite can significantly reduce permeability and tends to trap water.
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 Dispersed Clay Types: Fibrous, Authigenic Illite
 Illite
 Scanning Electron Micrograph (photomicrograph by R.L. Kugler)Norphlet Sandstone, Hatters Pond Field, Alabama, USA
 Authigenic IlliteIllite is consists of "pore-bridging" filaments (or fibers) which can signifi-cantly reduce permeability.Illite generally does not have a significant impact on porosity.Can cause a high irreducible water saturation.Fines migration can be an issue with Illite.
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 Intergranular Porosity And Microporosity
 IntergranularPore
 Microporosity
 Kaolinite QuartzDetritalGrain
 Backscattered Electron MicrographCarter Sandstone, Black Warrior Basin, Alabama, USA(photomicrograph by R.L. Kugler)
 PorosityIntergranular pores con-tain hydrocarbons and water.Micropores (in clays) con-tain only water — techni-cally this is an irreducible water volume.
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 Comment on Porosity/Permeability
 CommentTable 2.11: Note that porosity is clearly a function of sorting.Table 2.16: Note that permeability is also a function of sorting.Technically, porosity is not a function of grain size, presuming that grain size is uniform.
 From: SPE Monograph — Well Logging I, Jorden and Campbell (1984).

Page 34
                        
                        

Introduction to Shaly Sand Analysis (PETE 663 — Fall 2003) Slide — 34
 Shaly Formations: Review
 This lecture :Shales/clays have several origins and forms:Shales/clays affect the following:
 Porosity.Permeability.VShale (shale volume, as a fraction).—Estimates of VShale.—Assumptions regarding the reservoir.—Well log analysis.
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 (PETE 663 — Formation Evaluation and the Analysis of Reservoir Performance (Fall 2003))
 Module for:Introduction to Shaly Sand Analysis
 End of PresentationJ. L. JensenW.B. Ayers
 T.A. BlasingameDepartment of Petroleum Engineering
 Texas A&M UniversityCollege Station, TX 77843-3116
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