
PELLETIZED BROMINATED ANIONIC STYRENIC POLYMERS AND
THEIR PREPARATION AND USE BACKGROUND [0001] Brominated
anionic styrenic polymers are excellent flame
retardants. Very desirable methods for preparing such
polymeric flame retardants are described in U.S. Pat.
Nos. 5,677,390; 5,686,538; 5,767,203; 5,852,131;
5,916,978; and 6,207,765. [0002] A characteristic of
brominated anionic styrenic polymers such as
brominated anionic polystyrene is its propensity to
form substantial amounts of small particles and
powders when attempts are made to pelletize the
product. It appears that upon formation the pellets,
unless bound together by an extraneous binding agent
or the like, tend to break apart and to revert to
small particles and finely-divided powder, typically
referred to as "fines". Because of this
characteristic, various conventional pelletizing
procedures are unsuitable for producing brominated
anionic styrenic polymers essentially free of fines.
As can be readily appreciated, the existence of fines
in a product of this type this is not only detrimental
to the appearance of the pelletized product but in
addition is undesired by the consumer. [0003] In order
to effectively use brominated anionic styrenic
polymers as flame retardants in certain thermoplastic
polymers, the use of binding agents or other
extraneous materials to maintain the integrity of the
flame retardant in pelletized form, is also deemed
undesirable by the consumer. Thus, there is a need for
a way of producing unadulterated pelletized brominated
anionic styrenic polymers that do not form undesirable
amounts of fines during their preparation and
packaging. BRIEF SUMMARY OF THE INVENTION [0004]
Pursuant to this invention brominated anionic styrenic
polymers can now be produced and packaged in
unadulterated pelletized form essentially free of
fines. Moreover preferred embodiments of this
invention make this beneficial result possible on an
economical basis since only relatively small amounts
of fines are produced in the operation. In fact, in
preferred processes of this invention small amounts of
dry fines that may form can be recycled in the
operation without much expense or difficulty. [0005]
Thus pursuant to one of its embodiments this invention
provides pellets of unadulterated brominated anionic
styrenic polymer having a bromine content of at least
about 50 wt% and in which at least about 70 wt%
(preferably at least about 75 wt%) of the pellets are
retained on a standard US No. 40 sieve and no more
than about 30 wt% (preferably no more than about 25
wt%) are retained on a standard US No. 5 sieve. In
preferred embodiments such pelletized anionic styrenic
polymer is brominated anionic polystyrene having a
bromine content of at least about 67 wt%, e.g., in the
range of about 67 to about 7 1 wt%. Also preferred are
pelletized brominated anionic styrenic polymers in
which the melt flow index (ASTM D 1238-99) is at least
about 4 g/10 min at 2200C and 2.16 kg and more
preferably is at least about 5 g/10 min at 2200C and
2.16 kg. If properly handled, the pellets as produced
and packaged are substantially free of fines, i.e.,
particles that pass through a standard US No. 40
sieve. [0006] Another embodiment of this invention is
a method of preparing pelletized unadulterated
brominated anionic styrenic polymer which method
comprises: A) forming strands of molten unadulterated
brominated anionic styrenic polymer; B) submitting
said strands to cooling and downwardly directed forced
air flow on a porous conveyor belt whereby said
strands are broken into pellets; and C) causing said
pellets to drop into a classifier that removes fines
from the pellets. By the term "unadulterated" is meant
that no extraneous ingredients such as binders (e.g.,
waxes or other polymeric or oligomeric substances),
inorganic salts, or the like are added to the
brominated anionic styrenic polymer prior to or during
the foregoing method of preparing the pellets.
Instead, the brominated anionic styrenic polymer
contains only residual impurities that remain in the
brominated polymer after its preparation. 



[0007] These and other embodiments of this invention
will be still further apparent from the ensuing
description, accompanying drawings, and appended
claims. BRIEF DESCRIPTION OF THE DRAWINGS [0008] Fig.
l is a schematic frontal view of a mechanical system
found effective in producing pursuant to the methods
of this invention, pelletized brominated anionic
styrenic polymers of this invention. [0009] Fig. 2 is
a schematic plan view of the system of Fig. 1 with
elements 10 and 12 removed for the sake of simplicity.
FURTHER DETAILED DESCRIPTION OF THE INVENTION
BrominatedAnionic Styrenic Polymer [0010] The polymers
which are converted into pelletized form purusant to
this invention, are one, or a blend of more than one,
brominated anionic styrenic polymer, i.e., (i) at
least one anionically-produced styrenic homopolymer
that has been brominated or (ii) at least one
anionically-produced copolymer of two or more styrenic
monomers that has been brominated, or (iii) both of
(i) and (ii). The bromine content of such polymer
should be at least about 50 percent by weight.
Preferred brominated anionic styrenic polymers,
especially brominated anionic polystyrene, have a
bromine content of at least about 60 wt%, and more
preferred brominated anionic styrenic polymers,
especially brominated anionic polystyrene, have a
bromine content of at least about 64 wt%. Particularly
preferred brominated anionic styrenic polymers,
especially brominated anionic polystyrene, have a
bromine content in the range of about 67 to about 69
wt%. The bromine content of brominated anionic
styrenic polymers such asbrominated anionic
polystyrene will seldom exceed about 7 1 wt%.
Typically the brominated anionic styrenic polymer will
have a melt flow index by the ASTM D1238-99 test
procedure, conducted at 2200C and 2.16 kg, of at least
about 3 g/10 min., preferably at least about 4 g/10
min. and more preferably at least about 5 g/10 min.
Typically, such melt flow index will be in the range
of about 3 to about 40 g/10 min., and preferably in
the range of about 4 to about 35 g/10 min. Most
preferred brominated anionic styrenic polymers used in
the practice of this invention have a melt flow index
under these test conditions in the range of about 5 to
about 30 g/10 min. In this connection, these polymers
may not "melt" in the sense of reaching a melting
point temperature at which they suddenly become
transformed from a solid to a liquid. Rather, they
tend to be amorphous substances which, when heated,
tend to progressively soften as temperature is
increased and thus become progressively more pliable
and tend to take on characteristics of a liquid such
that other substances could be dispersed therewith by
use of conventional mixing or blending procedures.
[0011] In all embodiments of this invention the most
preferred brominated anionic styrenic polymer used in
forming the pellets of this invention is unadulterated
brominated anionic polystyrene. [0012] Anionic
styrenic polymers which are brominated to form the
brominated anionic styrenic polymers pelletized
pursuant to this invention are one or more anionic
homopolymers and/or anionic copolymers of at least one
vinyl aromatic monomer. Preferred vinyl aromatic
monomers have the formula: H2C=CR-Ar wherein R is a
hydrogen atom or an alkyl group having from 1 to 4
carbon atoms and Ar is an aromatic group (including
alkyl-ring substituted aromatic groups) of from 6 to
10 carbon atoms. Examples of such monomers are
styrene, /p/z -methylstyrene, r o-methylstyrene,
metamethylstyrene, r-methylstyrene, para-ethylstyrene,
isopropenyltoluene, vinylnaphthalene,
isopropenylnaphthalene, vinylbiphenyl,
vinylanthracene, the dimethylstyrenes, and
tertbutylstyrene. Polystyrene is the preferred
reactant. When the brominated anionic styrenic polymer
is made by bromination of an anionic copolymer of two
or more vinyl aromatic monomers, it is preferred that
styrene be one of the monomers and that styrene
comprise at least 



50 weight percent and preferably at least about 80
weight percent of the copolymerizable vinyl aromatic
monomers. It is to be noted that the terms "brominated
anionic styrenic polymer" and "brominated anionic
polystyrene" as used herein refer to a brominated
anionic polymer produced by bromination of a
pre-existing anionic styrenic polymer such as anionic
polystyrene or an anionic copolymer of styrene and at
least one other vinyl aromatic monomer, as
distinguished from an oligomer or polymer produced by
oligomerization or polymerization of one or more
brominated styrenic monomers, the properties of the
latter oligomers or polymers being considerably
different from brominated anionic polystyrene in a
number of respects. Also, theterms "vinylaromatic" and
"styrenic" in connection with monomer(s) or polymer(s)
are used interchangeably herein. [0013] The aromatic
pendant constituents of the anionic styrenic polymer
can be alkyl substituted or substituted by bromine or
chlorine atoms, but in most cases, will not be so
substituted. Typically, the anionic styrenic polymers
used to produce the brominated anionic styrenic
polymers used in the practice of this invention will
have a weight average molecular weight (Mw) in the
range of about 2000 to about 50,000 and a
polydispersity in the range of 1 to about 10.
Preferred brominated anionic styrenic polymers used in
the practice of this invention are produced from
anionic styrenic polymers having a weight average
molecular weight (Mw) in the range of about 3000 to
about 10,000 and a polydispersity in the range of 1 to
about 4, and most preferably these ranges are,
respectively, about 3500 to about 4500 and 1 to about
4. The Mw and polydispersity values are both based on
gel permeation chromatography (GPC) techniques which
are hereinafter described. [0014] Methods for the
preparation of anionic styrenic polymers such as
anionic polystyrene are known in the art and reported
in the literature. See for example, U.S. Pat. Nos.
3,812,088; 4,200,713; 4,442,273; 4,883,846; 5,391,655;
5,717,040; and 5,902,865, the disclosures of which are
incorporated herein by reference. An especially
preferred method is described in commonly-owned U.S.
Pat. No. 6,657,028, issued December 2, 2003, the
disclosure of which method is incorporated herein by
reference. [0015] Bromination processes which can be
used for producing a brominated anionic styrenic
polymer are disclosed in U.S. Pat. Nos. 5,677,390;
5,686,538; 5,767,203; 5,852,131; 5,916,978; and
6,207,765 which disclosures are incorporated herein by
reference. [0016] Typical properties of preferred
brominated anionic polystyrene for use in preparing
the pellets of this invention include the following:
Appearance/form - white powder Bromine Content - 67 to
7 1 wt% Melt flow index (2200C. 2.16 kg) - 4 to 35
g/10 min Tg(0C) - 162 Specific gravity (@ 230C) - 2.2
TGA (TA instruments model 2950, 10C/min. under N2) :
1% weight loss, 0C - 342 5% weight loss, 0C - 360 10%
weight loss, 0C - 368 50% weight loss, 0C - 393 90%
weight loss, 0C - 423[0017] If deemed necessary or
desirable, any reliable analytical procedure such as
reported in the literature can be employed in
determining such analysis or properties. In any
doubtful or disputed case, the following procedures
are recommended: 1) Bromine Content - Since brominated
anionic styrenic polymers have good, or at least
satisfactory, solubility in solvents such as
tetrahydrofuran (THF), the determination of the total
bromine content for a brominated anionic styrenic
polymer is easily accomplished by using conventional
X-Ray Fluorescence techniques. The sample analyzed is
a dilute sample, say O.l 0.05 g brominated anionic
polystyrene in 60 mL THF. The XRF spectrometer can be
a Phillips 



PWl 480 Spectrometer. A standardized solution of
bromobenzene in THF is used as the calibration
standard. [0018] 2) Melt Flow Index - To determine the
melt flow index of a brominated anionic styrenic
polymer, the procedure and test equipment of ASTM Test
Method D123 8-99 are used. The extrusion plastometer
is operated at 2200C and 2.16 kg applied pressure. The
samples used in the tests are composed of 14 to 16 g
of brominated anionic polystyrene. [0019] 3) Weight
Average Molecular Weight and Polydispersity - Mw
values of anionic styrenic polymers are obtained by
GPC using a Waters model 510 HPLC pump and, as
detectors, a Waters Refractive Index Detector, Model
410 and a Precision Detector Light Scattering
Detector, Model PD2000, or equivalent equipment. The
columns are Waters, mStyragel, 5OqA, 10,000A and
100,000 A. The autosampler is a Shimadzu, Model SiI
9A. A polystyrene standard (Mw = 185,000) is routinely
used to verify the accuracy of the light scattering
data. The solvent used is tetrahydrofuran, HPLC grade.
The test procedure used entails dissolving 0.015-0.020
g of sample in 10 mL of THF. An aliquot of this
solution is filtered and 50 mL is injected on the
columns. The separation is analyzed using software
provided by Precision Detectors for the PD 2000 Light
Scattering Detector. The instrument provides results
in terms of weight average molecular weight and also
in terms of number average molecular weight. Thus, to
obtain a value for polydispersity, the value for
weight average molecular weight is divided by the
value for number average molecular weight. Production
of Pellets [0020] As noted above, the pelletized
brominated anionic styrenic polymers of this invention
can be prepared by a method which comprises: A)
forming strands of molten unadulterated brominated
anionic styrenic polymer; B) submitting said strands
while on a moving porous conveyor belt to cooling and
downwardly directed forced air flow whereby at least a
portion of said strands are are broken into pellets;
and C) causing said pellets to leave said conveyor
belt and drop into a classifier that whereby
optionally at least some additional breakage into
pellets occurs and whereby theclassifier removes fines
from the pellets that are formed in B) and optionally
in C). [0021] In conducting step A) above, various
commercially available machines can be successfully
used in forming strands of molten or softened
brominated anionic styrenic polymer. For example, use
can be made of a Buss Ko-Kneader (Coperion GmbH) or a
co-rotating intermeshing twin screw extruder such as
are available from Coperion GmbH, Berstoff, Century,
Leistritz, or JSW Japan Steel Works. The machine is
operated at a suitable temperature profile to cause
the brominated anionic styrenic polymer to become at
least highly softened if not molten. The temperature
profile used will thus vary somewhat depending on the
makeup of the brominated anionic styrenic polymer
being processed. Thus in the case of brominated
anionic (r) polystyrene such as SAYTEX HP 3010 having
properties such as described above, a temperature
profile of 220-2400C was found desirable. [0022] In
step B), the extrudate from the machine is passed
through a die plate and the resultant continuous
strands are allowed to drop onto a moving porous
conveyor belt. The conveyor belt system is provided
with a vacuum equipment beneath the porous bed which
continuously draws air down onto the strands on the
belt and downwardly through the appertures in the belt
itself. Above the conveyor belt are disposed a water
spray mechanism for cooling the hot polymer strands
and downwardly disposed air blowers which apply
sufficient force to the cooling strands which
typically causes at least some breakage of the strands
to occur on the belt. Surviving unbroken strands, if
any, typically undergo at least some breakage as they
leave the conveyor belt because of the force of
gravity acting upon upon the unsupported strands
emerging from the end of the belt. 



[0023] In step C), the contents of the belt and any
former contents of the conveyor belt that may be
emerging from the end of the conveyor belt are caused
to drop into a classifier which separates the pellets
and the fines from each other. Such droppage onto the
classifier may also cause some breakage to occur. The
classifier can include, for example, an essentially
horizontally disposed mesh which is caused to vibrate
back and forth longitudinally. A particularly suitable
machine of this type is a Vibratory Classifier such as
is available from The Witte Company, Inc. [0024] In a
typical operation of step A), the conveyor belt used
was about 14 feet (ca. 4.27 meters) in length and was
operated at a speed in the range of about 100 to about
200 ft/min (ca. 60.96 meters/min.). The forced air and
the water used in the misting of the strands are
typically at ambient room temperatures, but can be
heated if desired so as to reduce heat shock. The
distance of the drop from the end of the conveyor belt
to the screen of the classifier was in the range of
about 18 to about 36 inches (ca. 45.7 to ca. 91.4 cm).
[0025] In a properly conducted pelletizing method of
this invention, it should be possible to produce a
product in which no more than about 5 wt%, preferably
no more than about 3 wt%, and more preferably no more
than about 1 wt% are fines or dusts that pass through
a standardU.S. No. 40 sieve. Thus, the methods of this
invention are highly efficient; only small amounts of
such fines are collected and preferably recycled to
step A) in the overall pelletizing operation. [0026]
The foregoing illustrative operations of this
invention can be still further appreciated by
reference to the drawings. Referring now to the
preferred system as schematically depicted in Figs. 1
and 2 wherein like numerals depict like parts,
brominated anionic styrenic polymer in powder form,
preferably brominated anionic polystyrene powder
having properties such as those of Saytex HP-3010
polymer (Albemarle Corporation) in powder form is fed
from hopper 10 into powder feeder 12 and via hopper 14
into kneader 15. From kneader 15 the polymer is
directed into crosshead extruder 16. The
kneader-extruder combination heats and forms a melt of
the brominated anionic styrenic polymer and the melt
is discharged through die 18 whereby strands,
typically continuous strands, of the polymer are
extruded from the die onto moving conveyor belt 20. In
the system depicted, belt 20 is upwardly inclined such
that the remote end of the upper portion of the belt
is typically about 18 to about 36 inches (ca. 45.7 to
ca. 91.4 cm) above vibratory classifier 30. Spray
system denoted generally as 33 forms and dispenses a
mist or spray of water onto the hot polymer strands on
the upper portion of belt 20 which is traveling in the
direction shown by arrow 35. The cooled strands are
then carried by belt 20 under air knives 37,37 which
cut or break at least a portion of the strands into
pellets. At the underside of belt 20 in proximity to
the location of air knives 37,37 are vacuum inlets
39,39 of a conventional vacuum manifold system (not
shown) which draws off residual water and fines from
the underside of belt 20. The resultant pellets are
discharged at the upper outer end of belt 20 and fall
under the influence of gravity onto the operative
upper surface of classifier 30 which can be a
vibratory classifier such as schematically depicted in
Fig. 3. The impact of the fall can result in formation
of addition pellets through breakage of larger pieces
falling from belt 20. Thus the pellets in the system
depicted in Figs. 1 and 2 are mainly formed in the
region extending from the air knives 37,37 to and
including classifier 30. Fines are separated by and
collected within classifier 30 which continuously
transfers the pellets remaining after the separation
onto transfer device 40 such as a segmented conveyor
or bucket elevator disposed to receive and convey the
pellets forwardly and upwardly to an elevation
suitable for feeding the pellets to a suitable heavy
duty packaging container 50, such as a Supersack or
Gaylord container. A small amount of pellet breakage,
which is typically inconsequential, may occur in such
packaging step but if this occurs it can be minimized
by reduction in the height of the fall from the
transfer device to the packaging container. [0027] It
will be readily appreciated that the system as
depicted in Figs. 1 and 2 can be suitably altered to
achieve formation of pelletized unadulterated
brominated anionic styrenic 



polymer, that is essentially free of fines. For
example, a kneader such as a Buss Ko-kneader and
associated crosshead extruder can be replaced by a
suitable twin screw extruder, such as for example any
twin screw or single screw extruder having a
length/diameter (L/D) ratio equalto or greater than
20/1 . It is also possible to replace the strand die,
conveyor, and vibratory classifier with a die-face
pelletizer or eccentric pelletizer. Pellets of the
Invention [0028] Pursuant to this invention,
pelletized brominated anionic styrenic polymers are
produced having as formed and packaged little, if any,
fine particles or dusts. Generally speaking the
pellets of this invention are composed of
unadulterated brominated anionic styrenic polymer
having a bromine content of at least about 50 wt%
(preferably at least about 60 wt%) and in which at
least about 70 wt% (preferably at least about 75 wt%)
of the pellets are retained on a standard US No. 40
sieve and no more than about 30 wt% (preferably no
more than about 25 wt%) are retained on a standard US
No. 5 sieve. In more preferred embodiments the bromine
content of the pellets is at least about 64 wt%, and
particularly preferred brominated anionic styrenic
polymers, have a bromine content in the range of about
67 to about 69 wt%. The bromine content of the
pelletized brominated anionic styrenic polymers of
this invention such as brominated anionic polystyrene
will seldom exceed about 7 1 wt%, and thus especially
preferred are pelletized brominated anionic styrenic
polymers of this invention having in the range of
about 67 to about 7 1 wt%. Also preferred are
pelletized brominated anionic styrenic polymers in
which the melt flow index (ASTM D123 8-99) is at least
about 4 and preferably is at least about 5. [0029]
Especially preferred pellets of this invention are
formed from brominated anionic styrenic polymers
having a bromine content in the range of about 67 to
about 7 1 wt% and more preferably in the range of
about 67 to about 69 wt% bromine, and wherein at least
about 80 wt% (more preferably at least about 85 wt%,
and most preferably at least about 90 wt%) of the
pellets are retained on a standard U.S. No. 40 sieve
and no more than about 20 wt% (more preferably no more
than about 15 wt% and most preferably no more than
about 10 wt%) are retained on a standard U.S. No. 5
sieve. In all cases the preferred brominated anionic
styrenic polymer in all of the foregoing pelletized
products is brominated anionic polystyrene. [0030]
Another characteristic of preferred pellets of this
invention is that when poured into a 20 mL cylindrical
transparent plastic capped bottle, the interior walls
of the bottle remain essentially free of any visibly
perceptible dust or powder. Use of the Pellets as
Flame Retardants [0031] The pellets of this invention
can be used as flame retardants in a wide variety of
thermoplastic polymers. Among such polymers are
thermoplastic polyesters, such as polyethylene
terephthalate, polybutylene terephthalate,
polytrimethylene terephthalate, polycyclohexylene
terephthalate, etc. ; thermoplastic polyamides, such
as nylon 6, nylon 6,6, nylon 6,12, etc. ;
polycarbonates; polyphenylene oxides, such as
poly(2,6-dimethylphenyleneoxide); polysulphones;
polystyrene or other styrenic homopolymers; copolymers
of two or more styrenic monomers such as copolymers of
styrene, vinyltoluene, ethylstyrene,
tert-butylstyrene, a-methylstyrene, vinylnaphthalene,
etc. ; rubber-modified vinylaromatic homopolymers or
copolymers (e.g., high impact polystyrene); acrylate
or methacrylate polymers such as
ethylenemethylacrylate, ethylene-ethylacrylate,
ethylene-butylacrylate, poly(methylmethacrylate), etc.
; ethylene-vinylacetate copolymers;
acrylonitrile-based copolymers and terpolymers such as
acrylonitrile-butadiene-styrene (ABS) and
styrene-acrylonitrile (SAN), etc. ; polyolefins, such
as polyethylene, polypropylene, poly-(l-butene), and
copolymers of ethylene with one or more higher vinyl
olefins such as propylene, 1-butene, 1-pentene,
1-hexene, 1-heptene, 1-octene; and blends, alloys, or
composites of different polymers such as for example a
blend of poly(2,6- dimethylphenylene oxide) and
polystyrene, a blend of polycarbonate and polystyrene,
and similar blends. Additional polymers that can be
flame retarded by use therewith of pelletized flame
retardant additives of this invention include rubbery
block copolymers such as styrene-ethyleneethylene- 



styrene, styrene-ethylene-propylene-styrene,
styrene-ethylene-butylene-styrene, etc. ;
polyurethanes; epoxy resins; phenolic resins;
elastomers such as natural rubber, butyl rubber, GRS,
GRN, EPDM, etc; polysiloxanes; and the like. Further,
the polymer may be, where appropriate, cross-linked by
chemical means or by radiation. A large number of
flame retardant-free polymers suitable for use in the
practice of this invention can be obtained from a
number of commercial sources. [0032] A preferred group
of substrate polymers that can be effectively flame
retarded by use of the pellets of this invention are
polyesters. Thermoplastic polyesters, often referred
to as polyalkylene terephthalates, are reaction
products of aromatic dicarboxylic acid or reactive
derivatives thereof, such as methyl esters or
anhydrides, and aliphatic, cycloaliphatic, or
araliphatic diols, and mixtures of such reaction
products. Examples of such thermoplastic polyesters
include polyethylene terephthalate, polypropylene
terephthalate, polybutylene terephthalate,
polycyclohexylene dimethylene terephthalate, and
related copolyesters and blends, including blends of
one or more thermoplastic polyesters with one or more
other thermoplastic polymers such as polycarbonates,
and especially aromatic polycarbonates. [0033]
Preferred thermoplastic polyesters contain at least
80% by weight and preferably at least 90% by weight,
based on the dicarboxylic acid component, of
terephthalic acid and at least 80% by weight and
preferably at least 90% by weight, based on the diol
component, of ethylene glycol and/or 1,4-butanediol
units. [0034] In addition to terephthalic acid units,
the preferred thermoplastic polyesters may contain up
to 20 mole % and preferably up to 10 mole % of units
of other aromatic or cycloaliphatic C8-14 dicarboxylic
acids or aliphatic C4-I2 dicarboxylic acids, such as,
for example, units of phthalic acid, isophthalic acid,
2,6-naphthalene dicarboxylic acid,
4,4'-diphenyldicarboxylic acid, succinic acid, adipic
acid, sebacic acid, azelaic acid, or cyclohexane
diacetic acid. [0035] In addition to ethylene glycol
and 1,4-butanediol units, the preferred thermoplastic
polyesters may contain up to 20 mole % and preferably
up to 10 mole % of other aliphatic C3-12 diols or
cycloaliphatic C6-12 diols, such as, for example,
units of 1,3-propanediol, 2- ethylpropane- 1,3-diol,
neopentyl glycol, 1,5-pentanediol, 1,6-hexanediol,
1,4-cyclohexanedimethanol, 3-ethylpentane-2,4-diol,
2-methylpentane-2,4-diol,
2,2,3-trimethylpentane-l,3-diol,
2-ethylhexane-l,3-diol, 2,2-diethylpropane-l,3-diol,
2,5-hexanediol, 2,2-bis(4-hydroxycyclohexyl) propane,
2,4-dihydroxy-l , 1,3,3-tetramethylcyclobutane,
2,2-bis[4-(2-hydroxyethoxy) phenyl]propane, or
2,2-bis-[4-hydroxypropoxy)phenyl]propane. [0036]
Polyalkylene terephthalates may be branched by
incorporation of relatively small quantities of
trihydric or tetrahydric alcohols or tribasic or
tetrabasic carboxylic acids. In this connection see,
for example, U.S. Pat. No. 3,692,744. Examples of
preferred branching agents are trimesic acid,
trimellitic acid, trimethylol ethane and propane and
pentaerythritol. [0037] Particularly preferred
thermoplastic polyesters are those produced solely
from terephthalic acid or a reactive derivative
thereof such as a dialkyl ester, and ethylene glycol
and/or 1,4-butane diol, and mixtures of these
polyalkylene terephthalates. Preferred polyalkylene
terephthalate mixtures contain 1 to 50% by weight of
polyethylene terephthalate and 99 to 50 wt% of
polybutylene terephthalate. Particularly preferred
mixtures contain 1 to 30 wt% of polyethylene
terephthalate and 99 to 70% by weight of polybutylene
terephthalate. [0038] The polyalkylene terephthalates
preferably used generally have an intrinsic viscosity
of 0.4 to 1.5 dl/g, preferably 0.5 to 1.3 dl/g and
more preferably 0.55 to 1.2 dl/g, as measured in
phenol/o-dichlorobenzene (1:1 parts by weight) at 25C.
using an Ubbelohde viscosimeter. Polyethylene
terephthalate and polybutylene terephthalate of these
intrinsic viscosity ranges, and mixtures thereof, are
most preferred. As is well known, polyethylene
terephthalate engineering resin producers compound
their products from either virgin PET (typically
0.55-0.70 IV) or reclaimed PET from industrial scrap,
polyester film scrap, bottles and, rarely polyester
fiber 



scrap. [0039] Additional thermoplastic polyesters
which may be utilized in the practice of this
invention include, for example, polyetheresters,
polyester-polycarbonate blends or alloys,
polyester-ABS blends or alloys, polyester-MBS blends
or alloys, and impact-modified thermoplastic
polyesters. [0040] Polyalkylene terephthalates may be
produced by known methods. See, for example,
Encyclopedia of Polymer Science and Technology, Vol.
11, pages 62-128, John Wiley & Sons, Inc., copyright
1969; and Kirk-Othmer, Encyclopedia of Chemical
Technology, 4th Ed., Vol. 19, pages 609-653, John
Wiley & Sons, Inc., copyright 1996.[0041] Another
group of preferred thermoplastic polymers which can be
effectively flame retarded by use of the pellets of
this invention are polyamides, which are sometimes
referred to as nylon polymers. Such polyamide
substrate polymer can be any amorphous and/or partly
crystalline, predominately aliphatic/cycloaliphatic or
partially aromatic thermoplastic polyamide. Typically
such materials are produced by polycondensation and/or
polymerization processes from diamines which are
predominately or entirely aliphatic or cycloaliphatic
in structure, or which are partially or entirely
aromatic in structure, and carboxylic acids or lactams
which are predominantly or entirely aliphatic or
cycloaliphatic in structure, or which are partially or
entirely aromatic in structure. Typical amines used in
forming polyamides include such diamines as
hexamethylenediamine, tetramethylenediamine, 2,2,4-
and 2,4,4-trimethylhexamethylenediamine,
diaminodicyclohexylmethane (isomers),
diaminodicyclohexylpropane (isomers) and
isophoronediamine (isomers), and xylylenediamine. Also
used as source materials are aminocarboxylic acids
such as e-aminocaproic acid, or -aminocarboxylic acids
such as d>- aminolauric acid and d -aminoundecanoic
acid. Typically, the carboxylic acid used are
aliphatic or mixed aliphatic-aromatic dicarboxylic
acids having less than 50% by weight aromatic
constituents such as adipic acid, 2,2,4- and
2,4,4-trimethyladipic acid, azelaic acid, sebacic
acid, decanedicarboxylic acid, dodecanedicarboxylic
acid, cyclohexanedicarboxylic acid,
hexahydroterephthalic acid, isophthalic acid and
terephthalic acid. [0042] Copolyamides from the
majority of the known monomers can also be used.
[0043] Illustrative polyamides which may be used in
the practice of this invention are such polyamides as
nylon 6, nylon 6,6, nylon 6,9, nylon 6,10, nylon 6,12,
nylon 11, nylon 12, nylon 12,12, nylon 6/6,6
copolymer, and high temperature nylons such as nylon
4,6, and partially aromatic nylons (e.g., Ixef
polyarylamide PA MXD6 from Solvay, Zytel HTN from
DuPont, and Amodel polyarylamide from Solvay). Other
polyamides which may be used include Arlen modified
polyamide 6T from Mitsui Chemicals, Inc., Genestar
PA9T polyamide resis from Kuraray Company, Stanyl
polyamide 46 from DSM, Vydyne polyamide 6/66
copolymers from Monsanto, polyamide 612 (Vestamid D
from Creanova), and similar polyamides. Of the various
nylon polymers, nylon 6 and nylon 6,6 are the
preferred substrate polymers. [0044] This invention is
also applicable to thermoplastic blends or alloys of
one or more polyamides such as, for example,
polyamide-polyolefin blends or alloys,
polyamide-ionomer blends or alloys, polyamide-ABS
blends or alloys, polyamide-EPDM blends or alloys,
polyamide-polyphenylene oxide blends or alloys, or
impact-modified polyamides. [0045] Methods for
producing polyamide polymers are known and described
in the literature. See, for example, Encyclopedia of
Polymer Science and Technology, Vol. 10, pages 460-
482, John Wiley & Sons, Inc., copyright 1969; and
Kirk-Othmer, Encyclopedia of Chemical Technology, 4th
Ed., Vol. 19, pages 559-584, John Wiley & Sons, Inc.,
copyright 1996.[0046] The following examples
illustrate the practice and advantages of this
invention. These examples are not intended to place
limitations upon the generic scope of this invention.
EXAMPLE 1 [0047] The excellent results achievable
pursuant to this invention, were demonstrated in an
operation in which a system as schematically depicted
in Figs. 1 and 2 was used, In such system, the
following equipment was used: 



a) The extruder system was a 140 mm Buss Ko-kneader 15
having an LfD of 11/1 (but which can be 7.1 or
greater) fitted with crosshead extruder 16. The screw
profile of the kneader contained kneading elements. b)
Die 18 was a 20-hole die with holes of 4 mm diameter.
c) Conveyor belt 20 was a Scheer-Bay conveyor having a
length of 14 feet (ca. 4.3 meters), a width of 15
inches (ca. 38.1 cm), and 3-inch (ca. 7.6-centimeter)
diameter rollers. The mesh belt was upwardly inclined
at an angle of about 12. d) Classifier 30 was a Witte
model no 200 Classifier. The vertical distance between
the drop from the end of belt 20 to the top of
classifier 30 was about 24 inches (ca. 6 1 cm), and
the vertical distance between the end of transfer
device 40 and the bottom of shipping container 50 when
empty was about 60 inches (ca. 152 cm). [0048] The
operating conditions in the system were as follows:
The extruder system was operated at barrel and melt
temperatures of 220-2400C. During operation, a vacuum
of 6-8 inches of mercury (ca. 0.21-0.28 kg/sq cm) was
applied to both the kneader and the crosshead
extruder. The conveyor traveled at a rate of 150 to
175 ft/min (ca. 45.7 to ca. 53.3 meters/minute). The
water mist was fed at a rate of about 1 gallon per
minute (ca. 3.79 liters per minute). The air knives
were operated at a pressure of 10-25 psig and were
disposed at about 5 inches (ca. 12.7 cm) above the
surface of the conveyor belt. The vacuum applied
beneath the conveyor belt was at about 2200 cubic feet
per minute (ca. 62.3 cubic meters per minute) and the
vacuum was applied directly to the proximate surface
of the conveyor belt by two vacuum applicators
disposed transverse to the belt with the mouth of each
individual applicator having an area of 45 square
inches (ca. 114.3 square centimeters). [0049] During
an operating period of 4 hours periodically samples of
the brominated anionic polystyrene pellets being
produced were withdrawn from the system and subjected
to sieving and in some cases to melt index
determinations. In the sieving operation 100 gram
samples were placed on a stack of 3 members, the top
being a standard U.S. No. 5 sieve, the next lower
member being a standard U.S. No. 40 sieve, and the
bottom member being a collection pan for fines. After
the samples were placed on the upper sieve, the entire
stack was struck 10 times by hand with as uniform a
force as possible. Then the contents of the 3 members
were weighedthereby yielding values for wt% of pellets
retained on the No. 5 sieve, on the No. 40 sieve, and
in the collection pan for fines. [0050] In the melt
flow determinations, samples of the pellets were used
in the standardized procedure. [0051] Table 1
summarizes the data obtained in this operation. TABLE
1 EXAMPLE 2 [0052] The same equipment, operating
conditions, and sample evaluation as in Example 1 were
used except that the Buss Ko-kneader and the crosshead
extruder were replaced by a 90 mm twin screw
compounding extruder which is a co-rotating
intermeshing twin screw extruder Model no. ZSK-90
manufactured by Werner Pfleiderer. This extruder was
operated at a rate of 1200 lbs/hr (ca. 543
kilograms/hour) with a temperature profile of
220-2400C. In this operation the samples were taken
periodically during an operation period of 4 hours.
Table 2 summarizes the results of this operation.
TABLE 2METHOD FOR PREDICTING LITHOLOGY AND POROSITY
FROM SEISMIC REFLECTION DATA This application claims
the benefit of U.S. Provisional Application No.
60/574,901, filed May 27, 2004. FIELD OF THE INVENTION
This invention relates generally to the field of
characterizing hydrocarbon reservoirs and, more
particularly, to lithology inversion and methods for
predicting 



sand (or shale) volume and porosity in sub-surface
rocks. Specifically, the invention is a method for
predicting lithology and porosity from seismic
reflection data. BACKGROUND OF THE INVENTION In
characterizing hydrocarbon reservoirs, estimating
reserves, and developing models for how to best
extract the hydrocarbons, it is useful to know the
lithology (for example, relative amounts of shale and
sand) and associated porosity of the rocks in the
target interval. Rock properties can be measured
directly from rock samples obtained from wells but
such samples are generally very limited in
availability due to the expense of drilling those
wells. These properties can also be inferred from
seismic data. Because of the complicated nature of the
theoretical relationships between the seismic data
(reflectivity) and the important rock properties
(lithology, porosity, and fluid content), these two
quantities are often related in practice through
empirical relationships derived at wells, where both
seismic and well measurements coexist. These empirical
relationships are then applied to the entire volume of
seismic data (or attributes derived from them) in
order to make predictions about rock properties away
from the wells. The problem is that empirical models
require a statistically significant sampling of data
and yet the wells provide very limited and generally
biased samples of the reservoir properties. In regions
where a large number of wells have been drilled,
pattern-based recognition methods and simple empirical
relationships can be used successfully to infer rock
properties from seismic data. However, in regions
oflimited well control, it is difficult to make
accurate lithology predictions using empirical
relationships derived from just a few wells. A
commonly used method for determining clay content and
porosity from seismic data (or attributes of the
seismic data) is to use linear regression to solve an
equation of the following form: Impedance =A- f
+B-vshale + C where f is the porosity, vshale is the
shale volume and A, B and C are the constants that
relate the porosity, vshale and impedances (or some
other seismic attribute of interest) to one another.
Regression methods are more robust when they are used
with larger datasets obtained from wells penetrating
different sections of the reservoir so that there is a
statistically significant sampling of the data. In
regions of limited well control the relationships
derived in this manner cannot be used with confidence.
Another class of methods used to predict clay content
and porosity from seismic data uses pattern
recognition, often implemented with neural networks,
to construct the necessary relationships. These
methods use a training set to identify patterns
between the well and the seismic data and then
classify the remainder of the seismic data set
according to the patterns observed in the training
set. The resulting relationships can be quite
complicated (and certainly allow more complexity than
the simple linear regression of the above-stated
equation), but they are still fundamentally empirical
relationships based on observations at the well rather
than on a physical description. Consequently, these
methods suffer from the same problem as the regression
methods in that they require enough data examples
(wells) in order to train the network competently.
With sufficient well control they can be very good
interpolators (although generally poor extrapolators).
In regions of limited of well control, they are
unreliable interpolators (as well as poor
extrapolators).SUMMARY OF THE INVENTION In one
embodiment, the invention is a method for predicting
lithologic properties and porosity of a subsurface
formation from seismic data, comprising: (a) inverting
the seismic data to obtain one or more bulk elastic
properties of the subsurface formation; (b)
constructing a rock physics model of the subterranean 



formation, said model relating the lithologic
properties, porosity and fluid content to the bulk
elastic properties of the formation rock , said model
comprising the following two features: (i) compliances
and densities of sand and clay mineral fractions of
the rock are characterized independently with separate
pore spaces, different pore aspect ratios, and
potentially different fluid types, and (ii) effective
bulk and shear elastic moduli are computed using a
combination of differential effective medium theory
and Gassman fluid substitution; (c) building a fluid
fill model indicating the type of fluid present at
each location in the subsurface; (d) computing in
tabular form values of said one or more elastic
properties as predicted by the rock physics model for
a range of possible values for said porosity and
lithology properties in each fluid type present in the
model and then numerically computing corresponding
tables of the derivatives of the elastic properties
with respect to porosity and clay content ; and (e)
using the computed tables of the elastic properties
and their derivatives, along with the fluid type
information to minimize a pre-selected objective
function and thereby invert the rock physics model to
obtain the lithologic properties and the porosity from
the bulk elastic properties and fluid content
information for the formation. Typical bulk elastic
properties include compressional impedance, shear
impedance, bulk modulus, shear modulus, compressional
velocity, shear velocity orany other elastic
parameters. Typical lithologic properties include the
volume fractions of shale (clay) and of sand. In some
embodiments of the invention, the rock physics model
has a solid matrix composed of sands and clays and a
total pore space partitioned into clay- 5 related
pores and sand-related pores, and the clay-related
pores are assumed to be filled primarily by water
(actually brine). In some of these embodiments, the
pressure equalization assumptions for the clay pores
differ from the sand pores. For example, the
brine-filled clay-related pores may be added during
the effective media calculation so that only the
sand-related pores are filled using Gassman theory.
This corresponds o to the mixed frequency case where
the pressure within the clay pores is not equalized
during the passage of a seismic wave while the
pressure in the larger sand pores is equalized. In
other embodiments of the present invention, both the
sand-related and clay-related pores are empty during
the differential effective medium computation and are
later filled with fluid using Gassman theory. s hi
some embodiments of the invention, the second
inverting step solves for the lithologic properties
and porosity using an iterative process and converging
to a solution by minimizing the squared difference, or
optimizing the Li norm of the difference, between the
bulk elastic properties obtained from the seismic data
and the values obtained for the same properties by
forward modeling with the rock-physics o model, hi
other related embodiments, the iterative process
converges to a solution by finding a maximum a
posteriori estimate (MAP) of the lithologic properties
and porosity using model and data covariance matrices
estimated from well data and inversion results at such
well. Li some of the above-described embodiments, the
iterative process is Newton-Raphson iteration. To
speed up and simplify the solution 5 process, some
embodiments of the invention further comprise
constructing a table of P and S impedances that have
been forward modeled with the rock physics model for
representative values of clay content and porosity;
and pre-computing tables of the derivatives of the P
and S impedances with respect to porosity and clay
content using finite difference approximations. The
second inverting step is then performed by 



o taking the pre-computed tables and performing a
non-linear inversion to determine thecombination of
clay content and porosity that is consistent with the
P and S impedances at each point in the seismic data
volume. BRIEF DESCRIPTION OF THE DRAWINGS The present
invention and its advantages will be better understood
by referring to the following detailed description and
the attached drawings in which: Fig. 1 is a flow chart
showing the primary steps of one embodiment of the
present invention; and Fig. 2 is a three-dimensional
view of sand bodies as predicted by the present
inventive method from actual seismic data. The
invention will be described in connection with its
preferred embodiments. However, to the extent that the
following detailed description is specific to a
particular embodiment or a particular use of the
invention, this is intended to be illustrative only,
and is not to be construed as limiting the scope of
the invention. On the contrary, it is intended to
cover all alternatives, modifications and equivalents
that may be included within the spirit and scope of
the invention, as defined by the appended claims.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS The
present invention is a method for inferring the clay
content and porosity of a reservoir from seismic
reflection data. [The terms "shale" and "clay" are
used interchangeably herein.] It is based upon the
physics of wave propagation through elastic media and
a rock physics model relating the elastic properties
of rocks to their grain and fluid components and their
micro-pore structure. Therefore it mathematically
relates the lithologic description of the rocks to
their seismic response and does not rely on empirical
models. Because a theoretical model of the rock
physics is used, a statistically significant sampling
of "ground truth" is not needed, and the method can be
applied with limited well control early in the
development cycle when uncertainties are highest and
economic risk is greatest. The rock porosity and
lithology are predicted simultaneously, ensuring that
these two quantities areconsistent with both the data
and the rock physics model. Furthermore, this approach
can simultaneously predict the reservoir quality in
both the hydrocarbon and brine legs of a reservoir and
does not require separate calibrations in the various
fluid phases as is necessary with empirical methods.
The method consists of three steps, as illustrated in
Fig. 1. In step 1, the seismic data are inverted for
elastic properties such as compressional (P) and shear
(S) impedances (Ip and Is, respectively) using
standard techniques. (The seismic data are shown
separated into at least two constant angle stacks 4
because this is necessary in order to reliably obtain
both the P and S impedances.) Other elastic properties
such as the bulk modulus and shear modulus, or
combinations thereof such as compressional and shear
velocity may also be used. Such inversion techniques
are described in, for example, T. Tonellot, D. Mace,
V. Richard, "Prestack elastic waveform inversion using
a priori information," SEG Expanded Abstracts (1999);
James J . Carazzone and Leonard J . Srnka, "Elastic
Inversion of Gulf of Mexico Data, in Offset-Dependent
Reflectivity", Theory and Practice of AVO Analysis,
edited by John P. Castagna and MiIo M. Backus, SEG
(1993); Arild Buland, Martin Landro, Mona Andersen,
and Terje Dahl, "AVO Inversion of Troll Field data,"
Geophysics, 1589-1602 (1996). hi Step 2, the fluid
type (gas, oil, brine, etc.) is defined for each and
every point in the elastic properties volume and in
this manner a fluid fill model is built hi step 3, the
elastic properties obtained in step 1 are combined
with fluid information compiled in step 2 and
converted to lithology and porosity (fractional shale
volume Vs and porosity f are shown in Fig. 1) using an
appropriate rock physics model. Step 3 is applied as a
second or cascaded inversion following the seismic
inversion in step 1. 



In order to perform the second inversion, the present
invention uses a rock physics model that relates
porosity, volume of shale or clay, VSH , and fluid
content to the bulk elastic properties of the rock
such as P-impedance and S-impedance. A preferred model
in clastic environments is the shaly-sand mixture
model described in Xu and White, "A new velocity model
for clay-sand mixtures," Geophysical Prospecting 43,
91-118 (1995), and in Xu and White, "A physical model
for shear wave velocity prediction," Geophysical
Prospecting 44, 687-717 (1996), ormodifications of
that model such as those described herein. The
Xu-White model is complex, and inverting it poses a
major problem. The present inventive method solves
this problem in a practical and efficient way. The
model has two key features. First, the compliances of
the sand and clay mineral fractions of the rock are
characterized independently with separate pore spaces
and different effective pore aspect ratios. Second,
the bulk and shear elastic moduli of the dry frame are
computed using a combination of the scattering theory
of Kuster and Toksdz's "Velocity and attenuation of
seismic waves in two-phase media: Part 1: Theoretical
formulation", Geophysics 39, 587-606 (1974) and the
differential effective medium theories of Bruner in
"Comment on Seismic Velocities in Dry and Saturated
Cracked Solids by Richard J., O'Connell and Bernard
Budianskey", Journal of Geophysical Research 81,
2573-2576, (1976) and Cheng and Toksdz in "Inversion
of seismic velocities for pore aspect ratio spectrum
of a rock", Journal of Geophysical Research, vol 84,
pp. 7533-7543 (1979). Equations disclosed by Gassman
in "Elasticity of porous media", Vierteljahrschift der
Naturforschenden in Zurich, vol 96, pp. 1-21 are then
applied to obtain the low frequency velocity in the
fluidsaturated rock. This model computes relationships
between velocity, density, clay content and porosity
that are explicit, consistent and physically based. As
a result, a large number of nearby wells or assumed
analogs are not required to characterize the
subsurface. The model is next described in more detail
for certain embodiments of the present invention. The
mathematical expressions in the selected rock physics
model provide a method for determining P and S
velocities and densities in rocks given clay content,
porosity, water saturation and fluid properties. These
parameters can be recombined to give the impedances or
any other set of isotropic elastic properties that are
produced in step 1. A typical model assumes a solid
matrix made of sands and clays. The total pore space
can be partitioned into clay-related pores and sand
related pores. If f denotes total porosity, then F Fs
+Fc (1)where fs is the portion of the rock occupied by
stiff or sandstone pores, and fc is the porosity
associated with compliant or shale pores. Fractional
shale volume Vm and fractional sand volume Vss are
used to estimate fc and fs . Since VSH +VSS +f =l ,
assuming that fc and fs are proportional to VSH and
Vss , respectively, implies that and Having divided
the pore space into compliant and stiff pores, the
effect of pore shape on the elastic properties of the
composite can be estimated using the following
equations from the 1974 Kuster and Toksdz paper: K0 -
Km =-(K'-K m) 3K  + 4 m >" f T (a c ) (4) o m 3 \ m 3K
m +4mm Yc iw [ c J y } and 5 5mm(3K m +4mm) 



where in which K0 , Km, and K ' are the bulk moduli of
the effective medium with clay pores only, the rock
matrix, and the pore inclusion material, respectively,
and m0 , mm, and m ' are the corresponding shear
moduli, m ' is always zero for any pore fluids. a c is
the aspect ratios for compliant pores (clay pores);
and TUjJ (a) and F(a) are poreaspect ratio functions
derived from the tensor T u that relates the uniform
strain field at infinity to the strain field within an
elastic ellipsoidal inclusion. The moduli of the rock
matrix are a mixture of the sand and clay grain
moduli, mixed using the Voight- Ruess-Hill average
according to their relative proportions as given by
the VSH value. and M1 1 (8) The symbols Ksh and msh in
equations (7) and (8) are the bulk and shear moduli of
the clay minerals. The symbols Kss and mss in
equations (7) and (8) are the bulk and shear moduli of
the sand minerals. The equations for the pore aspect
ratio functions Ti (a) and F(a) in equation (6) are
given in the Appendix of the 1995 Xu and White
article. In one embodiment of the invention, a key
modification relative to the published models is the
further assumption that clay pores are filled
primarily with bound water, because of the relatively
high capillary pressure in clay pores as a result of
the extremely small sizes of clay particles. A further
modification is to assume that the pressure in these
small pores is not equalized with the passage of a
seismic wave because of their small pore throats.
Mathematically, this is equivalent to saying they are
unrelaxed and comprise a high-frequency component of
the system. Since sandrelated pores tend to be much
bigger than clay-related pores, pore fluids in
sandrelated pores can be equalized easily. At seismic
frequencies, these pressure-equalized sand-related
pores can be treated mathematically as being relaxed
and comprising alow frequency component of the system.
In this embodiment of the present invention, the
Kuster-Toksdz equations are again used to calculate
the elastic properties of the "dry rock frame" (sand
pores only) letting K' and m ' be zero. d K o - ~
FsTm(as) (9) and 5 5mo(3Ko+4mo) Here Kd and m are the
bulk and shear moduli of the "dry rock frame", anda is
the aspect ratios for stiff pores (sand pores).
However, the Kuster-Toksdz equations require -" 1.
Typical values for a aspect ratios are 0.035 for shale
pores and 0.12 for sandstone pores. Therefore, the
Kuster-Toksoz equations are applicable only for very
low porosity. The differential effective medium method
may be incorporated into the Kuster-Toksoz
formulations to overcome this restriction. To apply
the differential effective medium method, the total
porosity is preferably modified using the following
equation before partitioning the pore space. f' -ln(l-
f) (11) The modified total pore space is then
partitioned into sets of pores so that the pore
concentration for each set satisfies the Kuster-Toksdz
condition. Beginning with solid rock, the
Kuster-Toksdz equations are used to compute the
effective medium that results from adding a small set
of pores to the matrix, hi another key modification
relative to the method described in Xu and White
(1995), the small set of pore space is then divided
into sand-related and clay-related portions using
equations (1) to (3). 



The Kuster-Toksoz equations (4) to (10) are then used
to calculate the effect of clayrelated and
sand-related pores on elastic properties. The process
is repeated, using theeffective medium from the
previous calculation as the rock matrix for the next
calculation, until the total pore volume has been
added to the rock. Finally, Gassmann's equation
(referenced previously) is used to put pore fluids
into the sand pores. m =md, (13) p fp f +(l- f)p0 .
(14) After obtaining the effective bulk and shear
moduli, P- and S-wave velocities can be calculated
using the following equations: and V =J . (16) In step
3 of Fig. 1, the impedances found in the step 1 are
inverted for porosity and VSH for every point in the
seismic volume using (in the described embodiment) the
Xu-White forward model or its modifications described
above. The porosity and VSH values that best fit the
impedances are found by minimizing an objective
function. Typically, the objective function will
consist of a term measuring the match between the bulk
elastic properties generated by the rock physics model
and the bulk elasticproperties obtained from seismic
inversion, and a term constraining the predicted
lithology and porosity. The simplest objective
function is the least-squares objective function
containing the squared difference between the forward
modeled impedances and the observed impedances. e 2 (
I p - XWp (f,Vsh )) 2 +(I, - XWs (f,Vsh )) 2 (17)
Here, Ip and Is are the impedances derived in the
first step, and XWP and XWS are the forward modeled p
and s impedances using the series of equations (1-15).
As previously mentioned, other sets of isotropic
elastic parameters could be used, depending on what
was produced in step 1. The minimization of the
squared error is a non-linear problem. A preferred
method for solving this problem is a Newton- Raphson
iteration (see W. Press, et al., Numerical Recipes:
The Art of Scientific Computing, Cambridge University
Press (1986) pp. 254-259). An initial guess at the
solution is made, and then it is iteratively updated
it by solving the linearized equation set dxwp(fk,vsh
) dxwp(fk,vsh ) df dVs.h -I p -XWp(fk,Vsh (18) dXWs
(fk ,Vsh ) dXWs (fk >Vsh ) Sh1A,- J Is -XWs(fk,Vsh )
df dVsh The subscript k in equation (18) is an
iteration index. In order to evaluate the coefficients
on either side of equation (18), one can evaluate the
modified Xu-White model at the current guess fk ,Vsh
as well as the derivatives of the model with respect
to shale volume and porosity. The equations are then
solved for a model update Afk ,AVsh . This update is
added to the current model. Iteration continues until
the solution converges. Equation set (18) must be
solved at a substantial number of points in the
seismic volume. Evaluation of the modified Xu-White
model using equations (I)-(1 7) is time-consuming.
Iteratively evaluating the modified Xu-White model for
all points in a seismic volume would be very
computationally intensive. Furthermore, thederivation
of analytic expressions for the derivatives on the
left-hand side of equation (18) is not tractable. To
circumvent these difficulties, one can construct a
table of P and Simpedances (velocities scaled by
density) that have been forward-modeled for
representative combinations of clay content (0 to
100%) and porosity (0 to 40% in 



siliciclastics). Tables of the derivatives of the Pand
Simpedances with respect to porosity and clay content
are also pre-computed using finite difference
approximations. The inverse rock physics modeling
(running the model backwards) is done by taking the
pre-computed tables and performing a non-linear
inversion to determine the combination of clay content
and porosity that is consistent with the P and
Simpedances derived at each point in the seismic
volume. Equations (1)-(17) describing the modified
Xu-White rock physics model depend on the properties
of the fluid filling the pore space through the bulk
modulus Kj-and density p,oi the fluid filling the sand
pores in equations (12) and (14) respectively, as well
as through the bulk modulus of the fluid filling the
clay pores K' in equation (4). As described
previously, the clay pores are filled with brine. The
sand pores however, are filled with the appropriate
reservoir fluid, either brine or a combination of
brine and hydrocarbons. The brine and hydrocarbons are
mixed in proportion to the water saturation.
Typically, a fixed effective water saturation is
specified. In order to apply the second inversion, the
pore fluid at every point in the seismic volume must
be specified (step 2 in Fig. 1). This involves
defining the regions of the reservoir corresponding to
the hydrocarbon leg (either gas and/or oil) and the
brine leg. The regions of the seismic volume
corresponding to the different fluids can be
constructed from the interpreted seismic horizons and
polygons defining the reservoir and from the depths of
the fluid contacts either penetrated in the wells, or
inferred from pressure measurements taken in multiple
wells, or from geophysical evidence such as direct
hydrocarbon indicators. Each region is identified in
the volume with a fluid identification flag. This
fluid identification flag is associated with bulk
moduli and densities appropriate for the fluid type
(gas, oil, or brine) and its environmental (pressure
and temperature) conditions as well as its relevant
compositional parameters (gas gravity for gas, API and
gas oil ratio for oil, andsalinity for brine). All
these factors are determined from relevant
measurements made in wells, and then translated into
fluid bulk moduli and densities using appropriate
models such as those described by Michael Batzle and
Zhijing Wang, "Seismic properties of pore fluids,"
Geophysics, 1396-1408 (1992). The Xu-White tables and
its derivatives used in the application of equation
(18) during the rock physics inversion must be
pre-computed for each unique fluid identification flag
in the fluid ID volume. The appropriate set of tables
is then applied at each point in the volume during the
rock physics inversion. Some of the constants used in
the rock physics modeling require calibration hi
particular, the pore aspect ratios of the sand and
clay, as well as the grain properties of the clay are
preferably adjusted to fit available well data prior
to performing the rock, physics inversion of the
seismically derived elastic properties. This
calibration step consists of using shale volume and
porosity values derived from well logs along with the
appropriate fluid properties to forward-model the
elastic properties and compare them with measured
density and sonic logs in the well. The rock physics
parameters are adjusted until a reasonable match
between predicted and recorded well logs is obtained.
Because the elastic properties derived from the
inversion in step 1 of Fig. 1 can be noisy and
therefore inconsistent with the modeled impedances,
strictly minimizing a least squares objective function
as in equation (17) can produce noisy estimates of the
rock properties. It is often desirable to modify the
objective function so as to add some constraints in
the rock physics inversion (step 3). A common strategy
is to perform damped least squares by adding an
additional term to the objective function in which the
model with the minimum squared length is sought. A
number of other 



strategies can be employed, as detailed in various
textbooks on geophysical inversion such as Menke,
Geophysical data analysis: discrete inverse theory,
Academic Press (1984). A preferred approach is to use
the maximum likelihood estimator detailed in
Tarantola, Inverse problem theory: methods for data
fitting and model parameter estimation, Elsevier
Science Publishers (1987). Appropriate data and model
covariance matrices are derived from data measured at
the well locations during thecalibration step.
Equation (17) measures the error using an L2 norm.
Other norms, such as an Li norm, can be used to
measure the error as well. Examples The present
inventive method was applied to seismic data acquired
over a reservoir containing gas, oil and brine. Fig. 2
shows a 3-D image of the inferred sand channel winding
through the inverted VSH volume (the shaly parts have
been made invisible) produced by the present inventive
method. Two wells drilled in the reservoir confirm the
location of the sands and the volume percentages, hi
addition to aiding in well placement, accurate
sand/shale volume predictions such as that represented
by Fig. 2 can be used to estimate reserves, both of
which are important in the early development phases of
a field when well control is limited and business risk
is greatest. The foregoing description is directed to
particular embodiments of the present invention for
the purpose of illustrating it. It will be apparent,
however, to one skilled in the art, that many
modifications and variations to the embodiments
described herein are possible. For example, persons
skilled in the art will know of other modifications to
the differential effective media model. AU such
modifications and variations are intended to be within
the scope of the present invention, as defined by the
appended claims.WE CLAIM: 1. A method for predicting
lithologic properties and porosity of a subsurface
formation from seismic data, comprising: (a) inverting
the seismic data to obtain one or more bulk elastic 5
properties of the subsurface formation; (b)
constructing a rock physics model of the subterranean
formation, said model relating the lithologic
properties, porosity and fluid content to the bulk
elastic properties of the formation rock , said model
comprising the following two features: (i) compliances
and densities of sand and clay mineral fractions of
the o rock are characterized independently with
separate pore spaces, different pore aspect ratios,
and potentially different fluid types, and (ii)
effective bulk and shear elastic moduli are computed
using a combination of differential effective medium
theory and Gassman fluid substitution; (c) building a
fluid fill model indicating the type of fluid present
at 5 each location in the subsurface; (d) computing in
tabular form values of said one or more elastic
properties as predicted by the rock physics model for
a range of possible values for said porosity and
lithology properties in each fluid type present in the
model and then numerically computing corresponding
tables of the derivatives of the elastic properties o
with respect to porosity and clay content ; and (e)
using the computed tables of the elastic properties
and their derivatives, along with the fluid type
information to minimize a pre-selected objective
function and thereby invert the rock physics model to
obtain the lithologic properties and the porosity from
the bulk elastic properties and fluid content 5
information for the formation.2. The method of claim
1, wherein the bulk elastic properties are selected
from the group consisting of compressional impedance,
shear impedance, bulk 



modulus, shear modulus, compressional velocity, shear
velocity and other elastic parameters. 5 3. The method
of claim 1, wherein the lithologic properties comprise
the volume fractions of shale (clay) and of sand. 4.
The method of claim 1, wherein said model has a solid
matrix composed of sands and clays and a total pore
space partitioned into clay-related pores and
sand-related pores, said clay-related pores being
assumed to be filled primarily by o bound water during
the differential effective media computation and only
the sandrelated pores are filled using Gassman theory.
5. The method of claim 1, wherein said model has a
solid matrix composed of sands and clays and a total
pore space partitioned into clay-related pores and
sand-related pores, and both are empty during the
differential effective media computation and later
filled with fluid using Gassman theory. 6. The method
of claim 1, wherein the inversion of the rock physics
model solves for the lithologic properties and
porosity using an iterative process and converging to
a solution by minimizing the squared difference
between the bulk elastic properties obtained from the
seismic data and the values obtained for the same o
properties by forward modeling with the rock-physics
model. 7. The method of claim 6, wherein the iterative
process is Newton- Raphson iteration. 8. The method of
claim 1, wherein the objective function is the
leastsquares objective function containing the squared
difference between elastic 5 properties generated by
the rock physics model and the elastic properties
obtained from the seismic inversion step.9. The method
of claim 1, wherein the objective function is a damped
least-squares objective function. 10. The method of
claim 1, wherein the inversion of the rock physics
model solves for the lithologic properties and
porosity using an iterative process and coverging to a
solution by optimizing the L norm of the difference
between bulk elastic properties obtained from the
seismic data and values obtained for the same
properties by forward modeling with the rock-physics
model. 11. The method of claim 1, wherein the
inversion of the rock physics model solves for the
lithologic properties and porosity using an iterative
process and converging to a solution by finding a
maximum a posteriori estimate (MAP) of the lithologic
properties and porosity using model and data
covariance matrices estimated from well data and
inversion results at the well. 


