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IMPROVEMENT OF THE ACCURACY OF STATISTICAL WELL LOG
INTERPRETATION USING THE MATERIAL BALANCE EQUATION
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ABSTRACT

In the determination of the porosity of the rock bulk
drilled through the oil well, we compare the measured
physical quantities and the calculated quantities given
by the idealized, theoretical rock model. The compari-
son gives stochastical equations. Supposing that the
measured log is a random variable with expected value
given by the theoretical model and with known vari-
ance, we can determine the statistical estimation of the
volume fraction of the porosity and other mineral
components and the variance of those quantities. If we
involve the exact, theoretical material balance equation
into the system of stochastical equations, as a stochas-
tical equation tending to zero standard deviation, then
the variance of the porosity and other mineral compo-
nents will be decreased. The consideration of the ma-
terial balance equation requires the use of the cyclical
determinant instead of the regular determinant.

INTRODUCTION

An important task of the log survey is to determine
the porosity of the rock bulk drilled through the oil
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well. For this reason the minerals of the given rock
matrix are grouped on the basis of their physical
properties which affect the given logs, and the task is
to determine the volume fractions of each group.
During this process all available logs which help to
solve the problem are put in use.

The method of finding the volume fractions is to
compare the measured physical quantities with the
calculated quantities given by the theoretical descrip-
tion of idealized rock model containing the parameters.

Because of various reasons (see [1]) the measured
quantity is a stochastical one; accordingly we have to
consider it as a random variable. If only the first
moments are known (i.e. the expected values) of these
random variables, then as it is proved in [2], we can
not get information on the rock volumes. Nevertheless
knowing the second moments as well (by which the
standard deviations of these variables also will be
known) and assuming that, first, the measured quanti-
ties vary around the values of the theoretical model and
second, rather large (infinitely large) number of obser-
vations, there is a possibility to restore the volume
fraction parameters of the theoretical model. Enforcing
the first assumption and taking into consideration that
in a given depth point only a few stochastical observa-
tions are available, it is clear that the parameters to be
determined are also stochastical quantities i.e. we can
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determine only the probability of the event, that the
parameter belongs to a given section around the
expected value.

During the process we consider the theoretical rock
model which is defined by us, however not arbitrarily,
as a certain model and not as a stochastic model. Asa
consequence, there is a basic difference between the
stochastic vector equations of measured and theoreti-
cal values, and between the exact, purely theoretical
material balance equation.

In the limited number of publications dealing with
the complex process of interpretation of well log
measurements (see e.g. [4], [5]) we could not find
information about the fact, or about the manner of
the above mentioned difference. According to our
knowledge, part of log analysts proceed the following
way: first they determine the volume fractions with-
out using the material balance equation, and after
that, they interpret the difference of the sum of
components from the unit as a quantitative descrip-
tion of the quality of the interpretation process. We
consider this procedure from a logical point of view,
as a correct one, but not as the possible complete one,
because it’s inaccurate to ignore the only certain,
exact equation in the determination of the volume
fractions of mineral components.

FORMULATION OF THE PROBLEM
AND SUMMARY OF THE STATISTICAL
RESULTS

Let us suppose that we have m different log data at
given depth point of the bore hole, and we divided the
unit volume of the surrounding rock for k+ 1 mineral
components as Xy, X;,..., X 50 that

Xo+xp o+ x=1 (1)

(We begin to enumerate the x; components from
zero, because we suppose that the rock has k solid
components and x, is the fluid component, which is
in our case the main parameter, namely the porosity).

Let us suppose that each log can be described as a
linear function of unknowns xg, x,,..., x;, and all the
measured logs are random variables according to the
one dimensional normal distribution, with known
standard deviations o, ©,,... o, and with expected
values which are the results of that linear function in
a certain, unknown point %g, %;,...,%;. Normalizing
the coefficients of the first linear function and the first
measured value by o, the seconds by o, and so on,
we can write

Ay Xo+ay "X+ +ay - =b;

A20* Ko+ Ay X+ G=bs (2)

amO'xD-l_aml Y +"'+amk.xkzbm

where a;; is the normalized jth coefficient of the
ith linear tool response function, b; is the normal-
ized ith log, which is not necessarily the originally
measured log, but a modified form of that, after
different transformations like filtering, depth match-
ing, etc.

According to the assumptions the right hand
side of (2) is a random variable with normal dis-
tribution. The expected value of each b; is the
expression standing on the left hand side of the ith
equation and the variance of each b; is 1. In addi-
tion we shall suppose, that for any i#j the b; and
b; stochastic variables are independent of each
other.

Denoting the set of matrices containing i rows and
m columns by ./, and the set of vectors, containing
k elements as one row by 7, the set of equations (2)
can be rewritten in matrix form

Ax=b 3)
Where A € "//m.k-v— 1» Q EY ;m XE 1;‘+ 1
and i: (.\Eo,i:],...,.{_k).

We consider that the statistical results, which can
be summarized as follows, are well known to the
reader (see e.g. [3], page 260). Keeping in force all the
assumptions related to b, among all the linear statisti-
cal estimations o for the solution of the overdeter-
mined linear system of equations (3), the smallest
variance given by that g, which satisfies the Gauss
normal equation

(AT~ A)yu=A"b 4)

(AT is the transpose of matrix A).

In this case o is unbiased estimation of %, i.e. the
expected value of u is %.

In this way according to Cramer’s rule, the ith
component of o can be calculated from

T, 4y
ot,-=de[[(A : A1 (5)
det[{4"-A)]

where AT -Ae Mysiper; (AT AV € llivipar 15
the matrix in which the ith column of the matrix
is changed to the right hand side vector of (4). The
variance of o;, denoted D?*(w;) can be calculated
from

5 det[(AT- A);]

A = (6)
det[(AT - A)]

where AT+ A is the same as above, and (47-A); €

My is the matrix obtained from the matrix A™+ A by

omitting it’s ith column and it’s ith row.
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INVOLVEMENT OF THE MATERIAL
BALANCE EQUATION INTO THE
STOCHASTICAL SYSTEM

During the investigation of the system of equations
(2) all the equations had a statistical character. How-
ever, equation (1), is not stochastical but a certain
one. The simplest way to eliminate the difference
between equation (1) and equation (2), is to handle
the right hand side of (1) as a stochastical variable
with unit expectancy and with a variance, which
tends to zero.

Accordingly let £, be a stochastical variable with
Gaussian normal distribution, with the expectation
value 1, and with the variance o2,

ME)=1 D*E)=c" (7)

Denoting 1/g by s and so s=1/c tends to in-
finity, then the stochastical variable s-&, shows the
behavior

M(s-E,)=s; D3(s-E.)=1 (8)

Handling equation (1) in this way, now the system
of equations (1) and (2) for xq, x1,..., x; looks like

S xg+s x4 +srx=by

Ao Xo+ay "X+ - +dy X,=b, 9)

(o * Xp + lyy * X1+ -+t X =by,
where
Py e (10)

We shall apply the same statistical results for the
system of equations (9), which have been applied for
the system (3). Accordingly, taking the special struc-
ture of (9) in consideration, in analogy with (4), the
unbiased statistical estimation B of xq,x;...x; of (9)
fulfills the equation

(AT-A+5*-E)-B=A"-b+s*-¢ (11)

where A e.#,,,+, is the matrix of equation (2),
b e 7, is the vector on the right hand side of the same
equation. E € .1, 4+, is the matrix each element of
which is unit, while s is given by (10). In the case when
s tends to infinity, the estimation B of (9) and (10)
gives the statistical estimation of the system consisted
of (1) and (2).
So, in full analogy with (5) and (6) we get

. det[(AT- A+s*-E)]
Pi=lim det[(AT- A +s7+E)]

and

3 . det[(AT- A+5s* E)y]
D)= AT A5 EN (t3)

(Note that according to (11) at the calculation of
the numerator of (12) the (A7-A+s*-E) matrix
preserves its structure, having the s second term
after replacing the ith column by the right hand side
of (11), because the right hand side has the same
second term).

The limit process in (12) and (13) can be derived in
a simple form. On the basis of algebraic type results
given in the Appendix, the derivation gives us the
following final form for the statistical estimation B:

_cyel det[(A7-4)]

“cyel det[(AT- A)] (14
and

20y cycl det[(47- A)y]

(B)= cycl det[{AT+ A)] (13)

where all the matrices in square brackets are exactly
the same as in formulas (5) and (6), but instead of the
regular determinant, p; and D*(p;) can be expressed
by the “cycl det” operator, which is defined as follows:

For an arbitrary C € .#,, matrix cycl det is the
sum of n determinants:

cycl det C= ) det[C,] (16)

i=1

where C; e .#,, is developed from C by replacing its
ith column by ee ¥,,e"=(1,1...,1).

Comparing (14), (15) with (5), (6) we can say, that
the effects of consideration of the material balance
equation in statistical estimation of volume {raction
parameters, is that instead of the regular determinant
calculation, we have to calculate the cyclical determi-
nant of the same matrixes.

EXAMPLES

First we illustrate how the two different ap-
proaches work on a simplified “artificial” case. The
rock matrix consists of the quartz component only.
Qur task is to determine the porosity filled up by
interstitial water, using the acoustic, density and
hydrogen index logs, and to determine the standard
deviation (the square root of the variance) of this
quantity, which displays a Gauss normal distribution



as a result of the assumption that the measured logs
show Gauss normal distribution as well.

Table la shows the slowly changing, or the so
called zone parameters of each rock component for
each log and the standard deviations of the measure-
ments.

The calculated results for the standard deviation of
the porosity are given in Table 1b using the three
different possible combinations from the three differ-
ent logs, without the use of (formula (6)) and with the
use of (formula 15)) of the material balance equation.
It can be noticed that the standard deviation is
decreasing in all cases as a result of the presence of
the material balance equation. The largest decrease is
shown by the (HI, At) pair, while the most accurate
way of solving the porosity determination, using two
out of the three logs above, is offered by the (HI, p,)
combination.

Szigeti

The second example is a more complex one from
the practice of geophysical interpretationl. Here the
bore hole intersects fractured granite rocks while
the fractures are partly filled with zeolite as a result
of hydrothermal processes. We have neutron density
(py), neutron porosity (HI), acoustic (At), photo-
electric index (P,) and two different spectral gamma
ray (Th and K) logs. According to these condi-
tions quartz (Qz), feldspar (FP), mica and heavy
minerals (M & Hm), zeolit (Zeo) and total porosity
(¢,) filled up by interstitial water are the main
mineral groups in the volumetric rock model. The
upper part of Table 2 contains the zone para-
meters and the standard deviations of the log
measurements. The lower part of Table 2 shows
the standard deviations of the volume fractions for
each mineral group without and with the material
balance equation taken into account. Comparison

Table 1a. Slowly Changing Parameters of the Two Mineral Components Model

Mineral group

Tool

Standard deviation

Water Quartz of the measurement
acoustic, At
[usec/foot] 185.0 520 5.0
density, py 1.08 2.65 0.05
[g/cm]
hydrogen index, HI
[dimensionless] 0.93 —0.02 0.01

Table 1b. Standard Deviation of Porosity Determination in
Percentage Without and With the Material Balance Equa-
tion Being Taken into Consideration

Standard deviation (%)

Used logs

without with
(At, ps) 247 243
(HI, py) 1.92 1.00
(HI, Ar) 9.62 1.14

of the two last rows of Table 2 shows again that the
uncertainty of the interpretation, belonging to a given
level of probability (in our case, ic. in the case of
Gaussian distribution and standard deviation this
probability level is 0.6827) decreases by involving the
material balance equation into the estimation. This
decrease is less in the case of Table 2, than it was in
the case of Table 1, which is related to the fact that
the dimension of the equation system, in the second
case, is higher.

Table 2. Slowly Changing Zone Parameters of the Five Mineral Components Model and the Standard Deviation of the Volume
Fraction in Percentage Without and With the Material Balance Equation Being Taken into Consideration

Mineral Group

Tool Standard deviation
t 0z FP M & Hm Zeo of the measurement

py [2/em?] 1.08 2.65 2.55 3.01 2.11 0.05

HI [dim. less] 0.93 —0.02 —0.03 0.05 0.01 0.01

At psec/foot] 185.0 52,0 55.0 41.0 60.0 5.0

Pe [barn/electron] 1.13 1.85 2.86 42 1.78 0.5

Th [ppm] 2.6 1.8 17.0 40.0 50.0 1.0

K [dim. less %] 0.68 0.68 7.0 4.0 7.0 1.0

Standard without 1.03 6.09 8.32 5.68 6.98

deviation

% with 1.00 5.51 8.29 3.79 486
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SUMMARY

In calculating the volume fractions of mineral com-
ponents by means of complex well log interpretation,
the accuracy of the determination of these fractions
can be increased by invelving the material balance
equation into the interpretation system. The calcula-
tion of the standard deviations of the volume percen-
tages becomes only slightly more difficult, as a result
of taking the material balance equation into consider-
ation. Whereby the regular determinant is replaced
by the cyclical determinant operation. Practical
examples show, that in some cases the increase in
accuracy is significant.
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APPENDIX

Here we dicuss the limit process used in the deri-
vation of formulas (14) and (15).

Let Ce.#,, be an arbitrary matrix and Ee %, ,
the matrix, each element of which is the unit. Then for

any number p
dt{C+pE)=p-cycl det C+det C (al)

here we use the notations used in the paper. The
definition of the .#,, can be found before expression
(3) and the definition of the operator “cycl det” is
given by formula (16).

For providing eq. (al) let us denote the column
vectors of C by ¢y, ¢a,...c, and the columns of E by
e. Then we have

det(C+pE)=det(c,;+p-ejca+p-e...,c,+pre) (a2)

where on the right hand side there is just another
notation for the matrix under discussion.

For two arbitrary vectors a,be ¥, and for any
index i

de[(ﬁ]’QEﬂ”-agi—15Q+Q9£i+1 "'9£|l)
=det(21,£2,.-.,Q,..-,Q,,)
+det(.{:’:l?£2"'b1"'gll) (33}

and for any indexes i, j,; i#]

det(cy,Cayees Cim 13 PELCiatsvens

Ejan PO fymves By =0 (ad)

The two last identities express obvious behavior of
the determinant operation, they can be proved easily
starting from any definition of the determinant.

Repeatedly applying (a3) to the right hand side of
(a2) we get the sum of 2" number of determinants, but
on the basis of (a4) only n+1 out of them differ from
ZETO!:

det(c-l-pE):P'{dBt(g, g:!""sgﬂ)
+det(gl! €,€3,---5 Qn)+ +det(£‘15g2,"'e£)}

+det(gl1£lv"'1§r1) (35}

This shows the validity of (al).

Now let Ce.#,,.Be.;, and E, e .#,,, E €
M, be the matrices each element of which is unit
and suppose cycl det B#0.

Then on the basis of (al) the equation

- det(C+p-EK)_cyc1 det C
p—w det(B+p-E,) cycldet B

(ab)

is a simple limit process for the ratio of linear, related
to p, functions.
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DESCRIPTION OF NATURALLY FRACTURED RESERVOIRS

FOR SIMULATION STUDIES

J.C. Sabathier*
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ABSTRACT

In this paper we only consider fractured reservoirs
where fractures are inter-connected in a continuous
network (at least in some part of the field) and where
mobile hydrocarbons are initially in place in the matrix.

The description of naturally fractured reservoirs for
simulation studies aims to define the parameters which
have to be input in the simulator. Thus this paper first
presents the different types of reservoir schematisations
and the types of simulators which are presently avail-
able and discusses how to choose the most appropriate
one according to the reservoir characteristics. Charac-
terization of the fracture and matrix media ( porosity,
permeability, relative permeabilities, capillary pres-
sures) are furtherly considered. The definition of the
geometry of the matrix blocks is analyzed with a brief
review of the presently available rools. The importance
of an even partial vertical continuity is emphasized.
Possible influence of the gas-oil interfacial tension,
diffusion, and thermal convection is also presented.
Some considerations are also given on the use of
reservoir simulators in connection with reservoir des-
cription,

*FRANLAB, France.

RESERVOIR SCHEMATISATION

The presence of fractures has been observed in many
hydrocarbon reservoirs of different lithologies. Frac-
tures crossing the wellbore improve the well product-
ivity which may be out of range with the potential
corresponding to a matrix reservoir. However frac-
tures may also result in a specific reservoir behaviour
needing a specific modelling. We shall consider only
this case which happens when fractures are intercon-
nected, creating a continuous network, or when they
are parallel and extended, and if the matrix contains
mobile hydrocarbons. In such cases, most of the
initially in place hydrocarbon volume is in the matrix
rock while fractures provide the main path for fluid
flows in the reservoir. The first objective in character-
izing a reservoir where fractures have been identified
is to know (from geology and well tests) if it has to
be considered as a fractured reservoir as defined
above.

Natural fractures happen in brittle rocks under the
action of stresses connected to:

— the tectonic history of the formation (folding, fault-
ing...),

— erosion resulting on unloading and expansion of
the upper sediments,
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— compaction of shales (loss of water, mineral
changes...).

Tectonic fractures are generally organized in sys-
tems, i.e. in sets ol parallel fractures whose intersec-
tions delimit parallelepiped matrix blocks. Examples
of conjugated patterns have been reported by Stearns
and Friedman [1]. However, due to other sources of
fracturing, reservoir heterogeneities and further dia-
genetic phenomena, the actual network of open frac-
turs in a reservoir may be very irregular without
defining a recognizable block structure (Fig. 1).

]

FIG. 1.

In the numerical models a very smplified assump-
tion has to be made. Fractures are assumed to be
distributed among rectangular systems respectively
parallel to the coordinates planes (X-Y, Y-Z, Z-X).
Thus the matrix (Fig. 2) may be distributed in:

— rectangular parallelepipeds (sugar cube model),
— horizontal layers (plate model),
- vertical columns (pillar model).

The column type models (ref. 2, p. 704-749) favor
the vertical description of the reservoir and assume
that fluid flows are mainly in the vertical direction.
The field is represented by a few sectors (which may
communicate). In each sector the [ractures define a
series of identical piles of blocks. There is a complete
vertical fluid segregation in the [ractures and no
horizontal flow in the fractures of a given sector. The
model computes for one (or a few) column(s) of each
sector the fluid flows within each matrix block and
between each block and the surrounding fractures
(Fig. 3-4). Each block is fully characterized and

o

Fractured formations (outcrops).

subgridded while fractures, in the model, are used to
impose boundary conditions for matrix flow com-
putations. Reimbibition of the oil flowing out of a
block in the next lower block may be included in the
computations.

Dual porosity models (Fig. 5) view the reservoir as
made of two continuous media. Space is discretized in
cells, for numerical purposes, which are reservoir
space elements. All the fractures of the

b T
V.7 A

VA A A Ay e
////////

PLATES

Fractured reservoir schematization.

SUGAR CUBES
FIG. 2.

TYPE OF SIMULATOR

There are basically two types of simulators to model
fractured reservoirs. They correspond to different types
of reservoirs and consequently it is necessary to identi-
fy first the reservoir type to be able to select the most
suitable simulator (or to know the limitations of the
only available one). The two types of simulators are:

— the “column type” models,
— the “dual porosity” models.

COLUMNS

cell are represented by a “fracture node” and all the
matrix medium is represented by a “matrix node”.
The two nodes are generally both located at the
center of the cell. Fluids are flowing between fracture
nodes according to the characteristics of the fracture
system. Fluid flows are also computed between the
fracture and matrix nodes of the same cell (dual
permeability models also allow fluid flows between
matrix nodes). Such models are well suited to describe
3-D flows in the fracture system but have to simplify
the matrix-fracture flow computations. The matrix
node represents several matrix blocks (supposed to be
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SECTOR SECTOR SECTOR SECTOR SECTOR SECTOR
2 3 4

[ ROCK TYPE 1
[Z=] ROCK TYPE 2
ROCK TYPE 3

|~

MATRIX BLOCK

FRACTURE
( Aller rel.2,p.705)

FIG. 3. Representation of a reservoir with a column type
model.

identical) areally and vertically distributed within the
cell and the model can only compute the behaviour of
an “average” block. These computations are indeed
critical and valuable results may be expected only if
the model is able to directly account for the different
driving forces (viscous, capillary and gravity forces),
gravity and capillary being mandatory [3]. Generally
the block is not subgridded (this is theoretically
possible when the cell height is equal to the block
height) thus pseudo-steady state conditions are as-
sumed to prevail for matrix-fracture flow computa-
tions. Reimbibition between blocks in a cell, which is
a very important phenomenomn, cannot be directly
computed and is even not at all accounted for in
several models which consequently must be carefully
used.

The column type models are consequently prefer-
able when large sectors of the field behave uniformly,
which is generally the case when the fractures are
sufficient to provide a high overall permeability. In
such reservoirs this type of model is specially recom-
mendable when the pscudo-steady state hypothesis
for matrix-fracture flow is no more acceptable be-
cause of the block size and many result in significant
errors.

The dual porosity models are preferable when
gradients develop over the field so that the hypothesis
of homogeneous sectors with horizontal gas-oil and
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FIG. 4. Matrix element in a column type model.

oil-water interfaces is no more valid. This is generally
the case when fractures are small and/or irregularly
distributed.

It must also be observed that if the matrix block has
a sufficient permeability it is rapidly (within a time step)
in equilibrium with the surrounding fractures so that
the reservoir may be viewed as one composite system
which can be simulated with a conventional single
porosity model. Indeed petrophysical properties input
in this model will have to account for the fractured
character of the reservoir (pseudos) which means that
the reservoir description must be the same as when
using a dual porosity model.
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FIG. 5. Dual porosity model.

CHARACTERIZATION OF THE
FRACTURE SYSTEM

In a dual porosity model the fracture system is
characterized by the same parameters as the porous
medium in a single porosity model. In the column
type model only the porosity versus depth is needed.

The degree of fracturation may widely vary all over
the field with even possibly unfractured areas. When
the well pattern is large, which is common in frac-
tured fields, these variations of fracturation may be
difficult to map. Programmes have been written to
help determine the intensity of fracturing resulting
from the tectonic history of the reservoir. The suc-
cessive shapes of the reservoir are determined and the
resulting stresses are computed by the model from the
mechanical properties of the rock [4]. The model
maps a “relative chance of fracturation” index corres-
ponding to the maximum stresses computed in sim-
plified hypothesis (Fig. 6).

F~1 POssIBILITY OF TENSILE FRACTURES
COMPRESSIVE FRACTURE ( Ralativa index )
FIG. 6. Chance of fracturing index.

Permeability

This parameter is normally computed from the
well productivity and the production test analysis.
When interpreting production tests, attention has
to be paid to the flow pattern in the reservoir (radial
or vertical) mainly if there is a gas-cap (Fig. 7). If
the [ractures are organized in systems of parallel
fractures of possibly different permeability (different
fracture thickness and/or density) as evidenced by
well interferences, the grid will be accordingly
oriented to be able to model the [racture network
anisotropy.
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FIG. 7. Fluid flow through fractures around a well.

Another possibly important problem is the

variation of the [racture permeability with the re-
servoir pressure. In [975 Jones published results
of laboratory experiments [5] showing a strong
permeability decrease with pressure. However in
actual fields this decline is generally much lower,
if any. Only a periodic survey of the well pro-
ductivity indices may allow to estimate the reduc-
tion of permeability with pressure in the f[racture
system.
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Vertical permeability may be difficult to evaluate
when vertical fractures have a limited extension. In
carbonate reservoirs, stylolites may sometimes inter-
rupt fracture interconnections and consequently limit
the vertical connections. In some cases they are also
related to some type of fracturing. Thus in carbonate
reservoirs stylolites are an important feature and
should be carefully described.

Porosity

The fracture porosity is low, generally less than
0.3%, and cannot be directly measured by any
present logging tool. Applying Poiseuille’s law for
laminar monophasic flows between plates gives a
relationship between the fracture thickness and its
permeability. Thus knowing the f[racture density
and supposing they are identical, it is theoretically
possible to compute the porosity of the fracture
system from its equivalent permeability (porosity
is proportional to the cubic root of the per-
meabiliy). Practically, even in the most favorable
cases (large and extended fractures), very erroneous
figures may be derived from this computation due
to the fact that all the fractures do not contribute
to the flow towards the producing well (and thus
the geometry of the fracture network must be
known) and that a large part of the pressure drop

u u
MODEL

1-LARGE EXTERMAL FRACTURE
2 - INTERNAL ADJUSTABLE FRACTURES

(After D. Bezirav)

FIG. 8.

may be due to fracture joints, restrictions, fracture
tortuosity ...

Interpretation of well production tests with a
dual porosity flow model may provide, in the best
cases, the value of the w parameter which is practi-
cally the ratio of the fracture to matrix expansibilities.
As the porosity and compressibility of the marix may
be independently estimated, the expansibility of the

DREAKTHRQUGH RECOVERY, % MAX. RECOVERY

Sabathier

[racture medium may be computed, Thus the fracture
porosity could be computed if the compressibility
was known. Unfortunately this parameter may vary
between 10 and 100 fold the values commonly used
for a porous medium.

Fracture porosity is in fact a parameter which,
generally, can only be adjusted by matching the
measured depths of the gas-oil and water-oil levels in
the observation wells i.e. in connection with the other
parameters.

Compressibility, as already mentioned, may vary
over a very large range. Formulae based on experi-
ments with constraints perpendicular to the fracture
planes give a maximum value [5].

Relative Permeabilities

Within one single fracture the relative permeability
concept is not valid as one fluid is flowing either
discontinuously (droplets, bubbles) or under film flow
conditions. In a fracture network, experiments have
shown that each fluid flows separately through a
definite set of fractures. Relative permeabilities can be
defined only at the scale of the network and are
generally considered as equal to the phase satura-
tions. However the performances of a fractured me-
dium worsen when fractures have different thick-
nesses (Fig. 8).
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Effect of fracture heterogeneity.

Capillary Pressures

The thickness of the wetting phase film which is
adsorbed along the walls of the fracture is only a
[raction of micron, thus, in most cases, the residual
saturations and the capillary pressures may be ignored.

Some models are however using both gas-oil
and oil-water capillary curves in the fracture medium
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for numerical reasons. Pseudo curves may also be
input for capillary pressures and relative perme-
abilities.

CHARACTERIZATION OF THE MATRIX
MEDIUM

Rock Properties

The usual rock characteristics (porosity, permeabil-
ity, capillary and relative permeability curves ... ) have
to be input in the model and are measured with the
same techniques as in porous single porosity reser-
voirs. However as well production tests cannot be
used to compute the matrix permeability, this par-
ameter has to be measured on cores and/or estimated
by using log transforms.

If an initial gas-cap exists or if a secondary gas-cap
is anticipated, it is mandatory to accurately measure
the gas-oil capillary pressure curve. This parameter
is generally neglected in single porosity reservoirs
but, in fractured reservoirs producing by gas-cap
expansion (with or without gas injection) and having

model. A geological picture must be first obtained
and furtherly simplified to meet the simulator input
requirements.

Block description is obtained either from the
observation of outcrops of the same formation
(Fig. 1) or/and from the determination of the loca-
tion, orientation and dip of the f{ractures crossing
the wells.

The fracture network observed on outcrops is
indeed not necessarily identical to the one prevailing
in the reservoir even in the same geological formation
and mainly if there is evidence of an irregular fractur-
ing. However outcrop observations may help to re-
late the fracture characteristics to the lithology and
the structural location.

Aerial photography allows to define regional [rac-
ture trends (Fig. 10) which may be considered as no
depth dependent in tectonically undisturbed areas.

Core description, when recovery is good, provides
the fracture density, their length, dip, strike (oriented
cores), filling materials. ... Fracture induced by drill-
ing may be recognized and discarded. Thickness of
the fractures in reservoir conditions cannot be ob-
tained from cores.

hg

15,
G -0 CAPILLARY CURVE

~~~] PRODUCED OIL

FIG. 9. Gravity drainage. Block height influence.

relatively small blocks, the final recovery is directly
dependent on its value (Fig. 9).

Relative permeabilities and capillary pressure
curves have to be measured in drainage and im-
bibition conditions if the movements of the gas-oil
and water-oil contacts in the fractures may reverse
in some parts of the field. Wettability is an im-
portant problem each time fractures are invaded by
water.

Matrix Block Size

Defining the geometry of the marix blocks is a key
problem to solve when building a fractured reservoir

FINAL SATURATION PROFILE FOR 3 DIFFERENT HEIGHT BLOCKS
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FIG. 10. Regional joint trend.
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Mud losses are also an indication of large fractur-
ing, recorded on surface. However it does not allow
to determine the number and location of the frac-
tures.

Seismic profiles may also sometimes indicate frac-
tured zones. In such cases it may help to determine
the extension of the fractured areas but cannot indeed
give information on the block size.

Several types of measurements in the well may be
used (generally in conjunction) to locate the fractures
more or less precisely:

— In some specific cases camera pictures may give
very valuable information (Figs. 11-12) but the
constraints of photography make it rarely possible.

— Production logging (flowmeters, temperature logs)
may indicate the location of open [ractures if the
hole conditions are good.

— Many efforts have been done to use electric logs
{mainly the sonic log) for detecting fractures. Most
of them are reported in [2], [6], [7]. In some
specific conditions good results are obtained by
interpreting log “anomalies” as fractures. However
there is no general validated method and such

( Alter Fons)

FIG. 11. Photograph of fracture obtained with a
borehole camera.

( After rel. 6, p.25)
FIG. 12. TV pictures in Emeraude field wells.

interpretations have to be checked and calibrated
on a regional basis. Schlumberger uses a pro-
gramme (DETFRA) which computes a probability
index of fracturing from individual indices defined
with the available logs.

— Two tools give “false pictures” of the wellbore with

visualisation of the fractures:

e the Borehole Televiewer (BHTV) which is an
ultrasonic scanner providing a sonar type pic-
ture (Fig. 13),

e the “Formation Micro Scanner”™ (Schlumber-
ger) which combines the reading of dense arrays
of electrical sensors set on the pads of a four
arm caliper (Fig. 14).

Pictures given by these two tools are generally

very clear and allow to make the same measure-

ments as on cores. However they must be closely
analysed to detect “[alse fractures” corresponding
to pictures generated by other heterogeneities.

22307 T} Fraclure

( After KaiHsu et al)
JPT, June 1987

FIG. 13. BHTYV log.

— Production test analysis are sometimes used to
define an “average” block height. In favorable
cases the dual porosity flow model allows to
compute the wvalue of the parameter
A=o-(km"2)-(rw"2)/kf where o is a geometric
factor equal to 12/(hm"2) in the plate model
(hm =thickness of the matrix bed). o (dimension
1/L"2) is dependent upon the block shape. On the
other hand as only monophasic flows are analysed
by this method it should be at best possible to
approach an “equivalent” length (volume/surface
ratio) of the block, which is not enough to charac-
terize the matrix medium.

When all the information about well fracturing
are obtained, they are processed in order to get a
space description of the {racture system and a defini-
tion of the matrix blocks as consistent as possible
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FIG. 14. FMS log.

with all the available data. When a complete in-
formation is availabe a statistical processing may
be necessary to define the characteristics accord-
ing to depth, lithology.... It must also be re-
minded that very few subvertical and practically no
vertical fractures have a chance to be observed in a
well.

The next step is to simplify the geological des-
cription according to the model input require-
ments. When fractures are large and extended they
often clearly define a pattern which may be easily
schematized by one of the accepted model pictures
(plates, columns or sugar lumps). When [ractures
are small and short they are also irregular and the
typical form of the blocks is no more obvious. A
very important parameter to evaluate is the partial
continuity which often exists in such reservoirs.
This continuity, mainly in the vertical direction,
is critical for the recovery by gravity drainage as
even a limited unfractured section between two
blocks may give (Fig. 15) practically the same per-
formances as a full vertical connection [8]. It is
the author’s opinion that very often such reser-
voirs are simulated with a sugar cube scheme using
too small blocks and that a column type model
should be more appropriate. It must be kept in
mind that each time fractures are invaded by gas,
gravity drainage is the main recovery factor and
the final recovery depends on the block height com-
pared to the extension of the capillary transition
Z0ne.
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OTHER PARAMETERS

Among the other parameters which have to be de-
fined in any simulation but which have a specific im-
portance for fractured reservoirs, we have mentioned
the gas-oil capillary curve. This one is not only de-
pendent on the matrix rock but also on the gas-oil inter-
facial tension. This one is pressure and gas composition
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dependent. The increase of the interfacial tension when
pressure decreases may be very significant and may
largely modify the final oil recovery. In such cases the
model must account for this variation. Similarly if an
external gas is injected the interfacial tension may vary
with gas composition and the model has to make the
corresponding computations.

Diffusion is a slow process and, consequently, may
often be neglected in conventional reservoirs as it is
efficient in only a small volume close to the fluid fronts.
In fractured reservoirs the distance from matrix rock to
the next fractures remains small and diffusion may be
an efficient displacement mechanism between the
fracture and marix media.

In highy fractured reservoirs, thermal convection is
acting in the fracture system, resulting in initially uni-
form oil properties all through the column. Il convec-
tion is fast enough, it maintains uniform oil properties
in the fractures during the reservoir depletion with a
bubble-point pressure close to the pressure at the gas-
oil contact. Gas is consequently diffusing from the
matrix to the fractures resulting in a reduction of the
matrix oil bubble-point. This phenomenon is evi-
denced by a production at declining GOR from the
bottom part of the oil column down to pressures much
lower than the initial bubble point (Fig. 16). Before
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FIG. 16. Example of convection-diffusion effects.

production, convection may be evidenced by a con-
stant temperature all through the reservoir.

RESERVOIR SIMULATION AND
RESERVOIR DESCRIPTION

Due to the large number of parameters involved in
a fractured reservoir model, it is unrealistic to expect

that matching the field past performances will allow
to fix the reservoir properties at their correct values.
The history match is only a way to check the consist-
ency of the reservoir characterization previously per-
formed by the reservoir engineer and to adjust some
parameters within a range of acceptable values and
according to the general reservoir picture. If such a
“limited” adjustment is not sufficient, the general des-
cription must be reviewed before any new simulation.

On the other hand, engineers sometimes hesitate to
embark in a fractured reservoir simulation because
data are not sufficient to describe the fracture system.
It is clear that large efforts have to be done to
improve this description and modern tools may be
very helpful. However, even in cases where the [rac-
ture system is poorly known (lack of data, very
complicated system), a numerical simulation may give
significant results if properly used.

A first use of the simulation is to test on a limited
model (cross sectiomn, sector) the relative importance of
some poorly known parameters (within their realistic
range of variation) in order to decide a cost effective
programme of data acquisition. The second use of the
model is as an engineer’s tool in a reservoir engineering
study. When requested by his management, the reser-
voir engineer must provide production profiles, devel-
opment/completion programmes. ... Answers must be
given even if very few or/and very poor data are
available. The model is a way to forecast the field
behaviour according to the best reservoir picture based
on the presently available data and engineer’s experi-
ence. The model has to be chosen to represent the
actual physical phenomena even if their magitude
remains uncertain. In other words very simplified data
should never give accurate detailed results but may
provide a satisfactory estimate of the whole reservoir
behaviour if the relative influence of the different drive
mechanisms is correctly evaluated and if these mechan-
isms are correctly simulated. If a field is considered as a
fractured field (as above defined) the different forces
(viscosity, capillarity, gravity) do not act as in a single
porosity reservoir and a specific model is better suited
to simulate it even with poor data. The model is also
able to give an estimate ol the uncertainties by
modifying the relative importance of these forces
(specific coefficients have been introduced in our
model, FRAGOR, to easily and independently modify
each force and thus to be able to run rapidly several
sensitivity cases).

CONCLUSIONS

The description of a fractured reservoir is indeed a
challenge. Important improvements of the logging
tools help to a better analysis and improvements of
the simulators and allow a better computation of the
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different fluid flows in such reservoirs. The main point
to clarify before starting to use a numerical model is to
know if the fractures which have been recognized to
exist are developed in a system such that the reservoir
may be viewed as a series of separated matrix elements.
If so, the engineer’s judgement remains the key factor
to correctly choose the suitable conceptual description
(cubes, columns, layers). This choice is basic as it may
strongly modify the way the different forces competi-
tively act in the reservoir.
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CORROSION CONTROL IN DEFA WATERFLOOD SYSTEM
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ABSTRACT

Practical methods are presented to select different
biocides and corrosion inhibitors for the DEF A water-
flood system. It involves the use of side stream bacteria
detection on mounted probes and potentiodyne tech-
nique on the well head of a source water well. These
methods are well suited for application in systems
where high frequency fluctuations in process variables
are encountered. Field examples of corrosion problems
and solutions are cited.

INTRODUCTION

The efficient and continuous operation of water-
flood system requires complete control of corrosion
mechanism which could lead to failure in its com-
ponents from source water wells to injection wells.
The corrosion in DEFA waterflood system is severe
because hydrogen sulfide, carbon dioxide, sulfate re-
ducing bacteris (SRB) and changing velocity are in-
volved.

Before adopting a solution to corrosion problems,
a complete understanding of each corrosion mechan-
ism and the possibilities of combined mechanisms are
necessary.

Field study is conducted to investigate the cor-
rosivity of Zelten formation water utilized in pressure
maintenance plan in DEFA oil field. These tests
include evaluation of different biocides to mitigate the
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growth of SRB within the waterflood system and
corrosion inhibitors to reduce the corrosion rate.
SRB growth can cause a highly localized pitting
corrosion in the distribution network and the cor-
rosion product (iron sulfide) contributes to formation
plugging, injectivity decrease, corrosion cell forma-
tion (different aeration) and survival of anaerobic
SRB. Therefore bacterial growth should not be toler-
ated in the water injection system.

SYSTEM DESCRIPTION

The DEFA waterflood system (Fig. 1) was orig-
inally designed in the early 1970’s with a capacity of
250,000 barrels of water per day. In the late 1970,
the system was expanded to an ultimate capacity of
500,000 bbls/day. In 1982, the booster station was
expanded to provide the additional pressure required
for water injection. However, with every attempt to
increase the system pressure, numerous leaks occured
on the trunk lines and distribution lines, particularly
at the extremities where the velocity is less than
1 ft/sec (0.3048 m/sec). Most failures occur in the
lower quadrant of the pipe with severe pitting cor-
rosion under heavy iron sulfide scale build up, Water-
flood production is divided on severe source wells
(WSW) alternatively in operation. Water from source
wells flows to pump station and via 24" mainline and
16" lateral to the injection wells. Filters are located at
the wellhead and facilities for pigging the line are
available. Because of present low production levels,
only five water source wells are in operation produc-
ing a total of 225,000 bbls/day.
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WATERFLOOD CORROSION HISTORY

Injection water produced from Zelten formation is
highly corrosive due to high temperature, H,S and
CO, content, Table 1 shows a typical water analysis
for this water. Corrosion failures on the trunk lines
started after few years of operation. Section of the
pipeline inspected at the [ailure sites indicated that
severe pitting under a heavy layer of iron sulfide scale
is taking place. The iron sulfide layer is covered with
a heavy layer of organic material, assumed to be
inhibitor and crude oil. The crude oil is produced as
slug with the produced water. A survey based on
serial dilution method, conducted later, confirmed the
existence of SRB throughout the system. Also, visual
inspection of probes and coupons, used to monitor
corrosion, showed black scale (iron sulfide) and high-
ly localized pitting which support the idea that SRB

Table 1. Typical Injection Water Analysis (WSW 85)

Na* (mg/1) 4901.0
carr (mg/1) 571.0
Mg**  (mg/l) 170.1
Bat™ (mg/1) 0.13
Cl- (mg/1) 2389.0
HCO, (mg/1) 427.0
CO; (mg/1) 0.0
SO, (mg/1) 1379.0
PH (units) 59
Talk (mg/1) 700.0
H.S 1-2 ppm (at well head)

CO, 4-5 ppm (at end of dist. lines)
0, 10-40 ppb

Iron 300-400 ppm (as CaCoj)

is the main cause of corrosion. It was therefore
decided that the possible approach would be to treat
both the source water wells and trunk lines with the
effective biocide available. This procedure was fol-
lowed routinely at approximately one month inter-
vals. The source wells have been closely monitored
for recurrence of bacteria growth. Only WSW 279
was showing positive SRB growth and complete
sterilization has not been achieved. Since this phe-
nomenon doesnot exist in other wells, there is a
possibility that the Zelten formation was originally
free of SRB. Contamination appears to be caused
from an external source near the wellbore during
drilling or workover of some wells. Most likely, the
WSW 279 is infected in the rathole area (the area
between the pump and the bottom hole perforation).
As a result of monthly pigging and biocide slug
treatment for the 16" and 24" trunklines, a marked
decline in corrosion rate planktonic (floating) SRB
and H,S levels was noted at the extremities of the
system. As a result of continued trunklines leaks, the
Company decided to replace the whole injection

flowline network with cement mortar lined steel. This,
however, will not eliminate further corrosion in
source water and injection wells, or formation plug-
ging reduction in water injectivity wells (due to SRB
growth).

PLANKTONIC AND SESSILE SRB

Bacterial corrosion is actually caused by sessile
anaerobic bacteria living under thick biofilm matrix,
debris and sediments in the system, or accumulated
corrosion product attached to the metal surface. The
visible predominance of iron sulfide in the biofilm,
adjacent to the heavily colonized corroded metal
surface, is evidence of anaerobics. These anaerobic:
organisms are believed to play a predominant role in
biological corrosion. Planktonic corrosion organisms
simply represent a small proportion of the active
sessile population of corrosion causing bacteria that
happened to detach from the biofilm and enter the
flowing phase at a particular point in time. Recent
studies have shown that the sessile bacteria popula-
tion (on cells/cm?®) outnumber the planktonic (as
cell/cm?) by 500 to 50,000 times.

EFFECTS OF BIOCIDES

Present methods of diagnosing bacterial corrosion
are based on the detection of planktonic SRB whose
intermitted presence indicates a much larger sessile
population of SRB that actually live in the lower
layers of the biofilm and cause corrosion. Thus the
success of certain biocides currently used in the field
is illusory in that contaminated systems are detected
by the presence of planktonic SRB in injection water
used for serial dilution test, and biocides are shown
to kill these floating organisms, as indicated by the
same test. The quick recurrence of planktonic SRB
and continued corrosion, however, indicated that the
sessile SRB, which actually caused corrosion, had not
been affected by the biocides at the concentration
used. Perceiving that a truly successful biocide must
penetrate the biofilm and kill the innermost sessile
bacteria is entirely misleading and biocide field use
must be based on realistic assessment of efficacy
against sessile bacterial population.

MECHANISM OF ANAEROBIC STEEL
POPULATION

Sulfate reducers, typified by desulfovibrio desul-
furicants, use the sulfate ion water as an oxidizing
agent for the assimilation of organic matter. They
also use high level of iron in their cell structure and
are, therefore, prevalent in iron rich environments.
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Sulfur reduced from sulfate reacts with available
hydrogen and iron to form H,S and FeS. Apart from
the fact that H,S is highly corrosive, the tying up of
iron results in extra dissolution of the metal and
thereby increases the corrosion rate.

BIOCIDE EFFICACY AGAINST SRB

Planktonic SRB

Since the early 1980°s the API bottle test is used
widely in field biocide study. The test procedure is
designed with two controlled parameters, concentra-
tion and contact time. (Concentration tested are 0, 25,
50, 100, 150 and 200 ppm each at contact timt of 1, 3,
6, 12 and 24 hours). At each concentration and each
contact time, serial dilutions of 1:10, 1:100, 1:1000 and
1:10,000 are used.

The problem with this method is the difficulty to
find a uniformaly contaminated water sample within
the waterflood. This is obvious since the method is
based on planktonic bacteria which represent a small
fraction of sessile bacteria.

More than five biocides are tested using the API
method. Most of them show a complete kill at
high concentration. Gluteraldehyde blends give con-
sistently good kill and growth reduction results,
while organic diamine acetate appears to be the
alternative treating agent. For preliminary chemical
screening purposes, this approach is probably ad-
equate. Final biocide selection should include tests
against surface associated populations and their effec-
tiveness in penetrating biofilm layers on the metal
surface.

Sessile SRB

A number of methods are developed in recent years
to sample sessile SRB including; test spools or nipple
on the by-pass loop (side stream), corrosion monitor-
ing coupons, flush mounted coupons or probes, and
a laboratory test loop. The last two methods are
utilized to test the effectiveness of different biocides
on sessile bacteria.

In the test loop procedure, a sample of water is
used for developing SRB by incubation at 55°C for
two days and adding a specific nutrient. Special
bottles designed with a plastic probe are filled with
the water. After 16 days of incubation time a biofilm
is developed on the probes. Different biocides are
added at various dosage and bottles are kept under
agitation for 4 hours. The biofilm is scrapped from
the probes into a sterile plastic bag containing 40 ml
of sterile water. Finally 1 ml of water is inoculated for
the SRB count. A summary of the result is shown in
Table 2.

Table 2. Kill Test Against Planktonic and Sessile SRB

Biocide Concentration Planktonic*  Sessile

{ppm)

100
200
100
200
100
200
100
200
100
200
F 100
200

|
[+ +

g 0 w

T
| 4+ 4+ + + |

L+ +++++ |

BLANK 1
BLANK 2

++
++

* 4+ Bottle turned black
—bottle not turned black

The side-stream loop consists of mounted coupons
or probes which are exposed to water flowing
through the system. A complex microbial biofilm
develops and sessile bacteria population can be quan-
titatively recovered and analysed for total number of
surviving bacteria on the metal surface at frequent
intervals. This is part of continuing program and no
complete data is available.

As shown in Table 2 both biocides B and F show
a complete kill for planktonic and sessile bacteria.
Biocide B is an aldehyde/ammonium salt derivative
and biocide F is diamine active ingredient based
derivative. This supports the original finding for bio-
cide evaluation against planktonic SRB.

CORROSION INHIBITOR EVALUATION

To reduce the corrosion rate throughout the water-
flood system and reduce the time required in routine
chemical trials, the Potentiodyne analyser with con-
ventional process (mild steel) is used.

The electrodes are equilibrated in the injection
water under prevailing well head conditions as
shown in Fig. 2. The scanning rate is kept at 4V/hr
for all the runs on WSW 85. The procedure is typical
of utilizing side-stream for inhibitor injection at dil-
ferent concentrations until practical predetermined
level of corrosion rate is achieved. Each inhibitor
is evaluated at three different concentrations 2, 4
and 6 ppm, and the corrosion rate at each concen-
tration is measured at 0, 1, 3, 6 and 24 hours.
However, due to iron sulfide deposition, the data
at 24 hrs is not included in the evaluation. To prove
it is the iron sulfide and not the filming ability of
corrosion inhibitor, the corrosion rate without
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FIG. 2. Typical water source well.

inhibitor is reduced from 18 mpy to 13.6 mpy under
the same conditions.

In comparison with the presumed practical and
economical corrosion rate of 1 mpy, the result shows
that corrosion inhibitors A, B, C and D are all
effective at 6 ppm as shown in Fig. 3. However, this
concentration is measured at the well head, and as we
move farther from the injection point, this concentra-
tion diminishes due to filming properties of these
inhibitors. Therefore, inhibitor B is not recommended
for use at concentration below 4 ppm level as shown
in Fig, 4. All chemicals are ineffective at 2 ppm as
shown in Fig. 5.

~ CORROSION INHIBITOR A

« CORROSION INHIBITOR B

» CORROSION INHIBITOR C

¥ . CORROSION INHIBITOR D

“(ORROSION COMSIDERED”

s ALCEPTABLE
i — S pd
g
1 2 ]

TIME (HRS.)
FIG. 3. Corrosion rate at 6 PPM.

CORROSION RATE (MPY)

~ CORROSION INHIBITOR A
« CORROSION INHIBITOR B
CORROSION INHIBITOR C
CORROSION INHIBITOR D

a

CORROSION RATE (MPY)

ARDSICH RATE
CCNSICERZD ACCERTARLL

TIME (HRS.)
FIG. 4. Corrosion rate at 4 PPM.
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m 8 8 p

o
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FIG. 5. Corrosion rate at 2 PPM.

ECONOMICAL PERFORMANCE
EVALUATION

Both corrosion inhibitors A and C are superior to
B. These two chemicals could be used at lower levels
to achieve the same corrosion inhibition. Make-up
injection point is necessary for chemical B to main-
tain a residual concentration of more than 4ppm
throughout the waterflood system. Except for cor-
rosion inhibitor D (the highest price), the prices of the
other three chemicals vary by only 5%.

CONCLUSIONS

— SRB are still present despite the regular biocide
injection. Some source water wells are still giving
positive growth and complete sterilization has not
been achieved.

— Bacterial growth should not be tolerated in the
water injection system as it may cause corrosion or
formation damage.

— Bacterial corrosion is actually caused by sessile
anaerobic bacteria living under a thick biofilm
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matrix attached to the metal surface. Sessile bac-
teria population outnumber the planktonic 500-
50,000 times.

Biocide efficacy testing that only samples plank-
tonic bacteria is entirely misleading, and biocides
field use must be used on their efficacy against
sessile bacteria.

The investigation has shown that the poten-
tiodynamic technique enables the influence of
chemicals to be evaluated under field conditions in
a short time, whereas, conventional methods
would have required extended periods of testing.
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POST-STACK DECONVOLUTION AND MULTIPLES ATTENUATION
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ABSTRACT INTRODUCTION
The presence of multiples on seismic data have The seismic trace is assumed to be the convolution
obscured the recognition of primary reflection events of seismic wavelet with the earth reflectivity function.
of interest. Post-stack deconvolution was carried out The wavelet is composed of source signature, record-
using final-stacked seismic data. The predictive de- ing filter, surface reflections, and geophone response
convolution technique is used for multiple suppression, (Yilmaz, 1987). In order to remove the effect of the
The parameters were computed from autocorrelation wavelet from the seismic trace, thus retrieving the
Junctions and tested on different panels of the seismic earth’s reflectivity function, a filter is required. Such a
sections. The Test include mainly the prediction dis- filter is called an inverse filter and the process is called
tance and operator length to select the best para- deconvolution (Arya, 1979).
meters required to attenuate the existing multiples. It has been mentioned by Yilmaz (1987) that post-
The obtained sections were compared with the final stack deconvolution often has to be applied firstly,
sections before post-stack deconvolution was applied. because deconvolution never can completely com-
The tested parameters gave very encouraging results press the basic wavelet, contained in the pre-stack,
by bringing out a distinctive reflector and suppress- into spike, and secondly, since a CMP stack is an
ing multiples. Complete suppression of multiples is the approximation to the zero-offset section, predictive
desired result from the application of the selected deconvolution aimed at removing multiples may be a
deconvolution filter; however, multiples seem to exhibit viable process after stack.
a range of properties and so only those multiples Hardy et al. (1989, 1990) and Hardy and Hobbs
which conform to the predicted assumptions were re- (1991) have mentioned that there is no optimum
moved, method for multiple suppression and have proposed
the implementaton of stacking methods, moveout
*Petroleum Research Centre, P.O. Box 6431, Tripoli, GS.P.L A filters, predictive and adaptive deconvolution, and
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wave equation. They suggested that multiple sup-
pression should only be applied where necessary to
improve interpretation; otherwise multiple identifica-
tion schemes should be used. Post-stack deconvolution
was carried out using final-stacked seismic data which
still show high amplitude multiple interference which
obscured the recognition of the primary reflection
events. The predictive deconvolution technique (Pea-
cock, 1969; Robinson, 1967, 1979) is used for multiple
suppression. The parameters were computed [rom
autocorrelation functions generated at several parts of
the seismic sections and tested on different panels of
these sections. The obtained sections were compared
with the final sections before post-stack deconvolution
applied. The comparison is to evaluate the effect of the
designed deconvolution parameters on multiple at-
tenuation and any improvement in data quality.

DECONVOLUTION TYPES

Different deconvolution types are being currently
used for deconvolution of seismic data (Arya, 1979).
These deconvolution types are designed to be applied
before and after stacking depending on the type of
multiples to be removed and the resolution required
for data improvement. Deconvolution before stack is
applied for wavelet shaping and attenuating multiple
reflections. It has the advantage ol operating upon
traces before the normal move out correction has
been applied. Deconvolution after stack is applied for
further wavelet shaping and attenuation of multiples
that remain after stack, taking into consideration the
effect of the intermediate processing on the nature of
the wavelet and its reverberant train of events.

The common types of deconvolution techniques
include the following:

a. Wavelet deconvolution

This is a type of deconvolution which can be used to
correct poor source signature and instrument phase
distortion (Berkhout, 1977; Treitel, 1977). It involves
changing the shape of the wavelet to some more
desirable shape. The zero phase wavelet technique is
used to produce a symmetrical wavelet with the
energy concentrated in the centre lobe.

b. Adaptive deconvolution

This is a time-varying deconvolution method based
upon adaptive linear filtering techniques (Griffiths et
al., 1977). The procedure consists of changing the
prediction gap at every sample down the trace to find
the best gap. Thus a different operator is used at each
data point in the trace as the processor moves along
the reflection seismogram. The technique can be very
successful in suppressing multiples with a short time-

varying period, but can become unstable in the pres-
ence of noise.

¢. Spiking and predictive deconvolutions

Spiking deconvolution is a special case of predic-
tive deconvolution in which the operator is to predict
and remove energy starting at the first zero crossing
after the zero lag value of the autocorrelation. The
deconvolution technique has been discussed by Pea-
cock (1966), Robinson (1967, 1979), and Yilmaz
(1987). Predictive deconvolution is one of the most
common seismic processing techniques. It is a very
useful tool for multiple attentuation because
multiples are highly predictable whereas the reflection
series with which they are convolved is normally
highly unpredictable. It is also used to increase the
resolution of seismic data.

Predictive deconvolution is used in this study for
investigating the possible improvement in data qual-
ity, as explained in the following section.

PREDICTIVE DECONVYOLUTION
Design Principles

The filter assumes that a seismic trace is made up of two
types of components, namely predictable and un-
predictable. It is designed to predict, and then to
remove, the predictable components from a trace. The
predictable components consist of multiple and the
effective source wavelet. The filter parameters are
designed from the autocorrelation of a trace which
shows the amplitude of the primary and multiples, and
also the time extent of the existing multiples. When a
primary is encountered on the trace the occurrence of
the next primary cannot be predicted {rom it. This is
because the reflection coefficient sequence is random
and therefore has no time-invariant characteristics
which enable such a prediction to be made. Predictive
deconvolution has its power in wavelet resolution and
multiple attentuation; however, it has its weaknesses as
well. There are two main weaknesses. At early times
and long offsets the multiple period is not constant and
predicted times are inaccurate. Predictive deconvolu-
tion predicts the first multiple from the presence of the
primary, the second multiple [rom the first multiple,
and so on. If one number of the sequence is absent,
weak, or distorted, the prediction will be in error
accordingly.

Design and Operation

The Starting point of designing the operator is the
autocorrelation function of the seismic trace. Auto-
correlation of functions or time series occurs when
the function or series is correlated with itsell. The
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autocorrelation of the seismic trace is always sym-
metrical about the zero shift and the zero shift value
is always the maximum value (Dobrin and Savit,
1988). The desired effect of deconvolution is assessed
by inspecting the autocorrelation function before
and after the filter parameters are applied. The filter
has three sections: the first is a single point of unit
amplitude at time zero, the second is a sequence of
zero amplitude samples forming the prediction dis-
tance, also known as the gap length and measured in
milliseconds; the third part of the filter is the predic-
tion operator iength which is usualily a few hundred
milliseconds (Dobrin and Savit, 1988). The “Ethos”
software is used to obtain the autocorrelation func-
tion. Different panels of seismic data were produced
after the selected deconvolution parameters were ap-
plied to study their effect on multiple suppression.

Computational Procedures

a. Design gate (window )

The gate should cover the full seismic trace to obtain
the greatest statistics, but it is limited to avoid high
noise zones, and also may be different reverberation
on early and later part of trace. Several design gates
were tested to select the proper position of the time
gate which covers the primary reflection events of
interest and leads to the removal of multiples effect-
ing these events. The trials involved changing the
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upper and lower time limits of the design gates. The
choice of the proper design gate was started by the
selection of three different gates (Figs 4, 5, and 6).
The gates covered time intervals between 500-2500,
1000-2000 and 1000-3000 ms. The selection of three
gates is to investigate the effect of the existing type
of multiples at each gate, their time duration and
also the effect of the applied deconvolution par-
ameters in removing such effects and increasing
resolution. The autocorrelation functions generated
from the three selected design windows (Figs 1, 2,
and 3) show slight differences regarding the extent
of multiple duration which might be as a result of
the types of multiples existing at each gate. They
also show the effect of the applied deconvolution
parameters on multiple attenuation. Figs. 4, 5, and
6 show a significant reduction in multiple energy in
comparison with the same parts of the sections belore
filter parameters are applied. These sections also
show the improvement regarding continuity and
resolution of the primary events at each time
interval. For example, an improvement is shown in
Fig. 5 where onlap (white arrow) of the reflection
event at 1650 ms is much clearer. The section with
the 1000-3000 ms window (Fig. 6) is slightly crisper
than the other two sections as shown at the time
interval between 1600 and 1800 ms. The deconvolu-
tion parameters seem to have a similar effect in the
three windows regarding multiple attenuation around
and below the basement reflector at 1800 ms.
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FIG. 1. Autocorrelation functions generated from a seismic section V100, CMPs 1790-1810, design gate 500-2500. (a) Input
data trace widow. (b) Function of input traces before deconvolution. (c) After deconvolution of 32 ms gap length and 300 ms
operator length applied. (d) After 600 ms operator length applied. Refer to FIG. 7 for deconvolution effect in multiples attentuation.
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FIG. 4. Design gate of 2000ms (500-2500). Seismic section V100, CMPs 1700-1900. (a) Before. (b) After post-stack
deconvolution of 32 ms gap length and 600 ms operator length applied.
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FIG. 5. Design gate of 1000 ms (1000-2000). Seismic section V100, CMPs 1700-1900. (a) Before. (b) After post-stack
deconvolution of 32 ms gap length and 600 ms operator length applied.
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FIG. 6. Design gate of 2000ms (1000-3000). Seismic section V100, CMPs 1700-1900. (a) Before. {b) After post-stack
deconvolution of 32 ms gap length and 600 ms operator length applied.
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b. Autocorrelation traces

The functions are generated from an average of
20 traces and are used for determining the filter’s
parameters. Fig. 3 is an example of an autocorrela-
tion function produced from a design gate between
1000-3000 ms before and after deconvolution with
300 and 600 ms operator length. The multiple follow-
ing the primary event at zero time crossing is showing
very clearly and extends to 600 ms.

Fig. 3b shows the function before deconvolution
where the ratio of amplitude of primary event to
multiples is 42:13 and with time extent of 600 ms. Fig.
3c shows the function after 300 ms operator length is
applied. The amplitude ratio of the primar events to
multiples is 42:4 and with time extent of 300 ms. The
operator has slightly reduced the ampitude of the
multiples at time extent later than 300 ms with ratio
of 42:8. Fig. 3d shows the function after 600 ms
operator is applied. The ratio of amplitude of primary
events to multiples is 42:4 and time extent of more
than 600 ms which cover the time period of the main
multiple reflections.

Figs. 1 and 2 show similar autocorrelation func-
tions before and after deconvolution operators of
300 and 600 ms are applied. The extent of multiple
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duration is between 400 and 600 ms. Therefore, an
operator of at least 600 ms is required in order to
significantly remove a major part of the existing
multiples. Both the sections and functions show con-
siderable improvement regarding multiple attenu-
ations after the operator is applied which indicates
that the designed parameters are effective against
multiples The testing of three windows is to avoid the
selection of an improper gate which might result in
computing and then applying parameters not suitable
for the type of multiples that exist.

Figs. 7, and 8 show the same computed deconvolu-
tion parameters applied at different panels of traces in
other parts of the seismic section. The panels were
used to produce autocorrelation functions and to
compare the functions with those used for deconvoliu-
tion parameters computation and also for multiple
duration estimation. The comparison is to investigate
whether these parameters have the same or different
effects on multiple attentuation. The functions pro-
duced after the deconvolution parameters were ap-
plied show similar eflect to that shown on the fun-
ctions used for producing and testing the parameters.
This indicates that the designed parameters are effec-
tive and could be applied at different parts of the
sections.

i }LJrﬂ'll '\‘Iﬂfﬁ?‘;’!fﬂ”.b \'IV"

266 2669 3089
""f'\\ ,n{l'lf A AT AR A
A e ipaaaneate
H By
1008
f
{ WAL "-.‘f"\ ﬁnlllllﬂ, 'I!w\J*‘,l" 4[} VT
1
"
189606
'\\,l'“—,".,fu‘ﬂ";_,-’ﬁ,j‘\'f‘h “ JI\"‘ ﬂ“\:"l" A ﬁ T
1806

FIG. 7. Autocorrelation function generated from seismic section V100, CMPs 2220-2240, and time interval 1000-3000 ms.
Similar effect is shown regarding multiple attenuation to those used for deconvolution parameters computation in other parts

ofl the sections.
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Similar effect is shown regarding multiple attenuation to those used for deconvolution parameters computation in other parts

of the sections.

¢. Prediction distance

The autocorrelation functions were used to compute
deconvolution prediction distance. The zero crossing
technique is used to measure prediction distance
which is the time of zero amplitude point or cross-
ing on the autocorrelation function. Prediction
distance is specified as the second zero crossing
(Peacock and Treitel, 1969) which actually will vary

as the predominant frequency varies.

Fig. 9 shows the same input trace as Fig. 2a
and an enlarged part of the autocorrelation func-
tion of Fig. 2b. Tt illustrates the computation pro-
cedures of prediction distance by applying the
second zero crossing technique. Several functions
were obtained from the same time intervals along
the seismic sections and were used to compute the
prediction distances at these parts of the sections.
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FIG. 9.

{a) Input trace from seismic section V100, and design window 1000-2000 ms. (b) Autocorrelation of the input trace

showing the computation of prediction distance by applying the second zero crossing technique. Also showing enlarged portion
of the existing multiples. Refer to FIG. 2b for multiple time duration.
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The functions showed that the prediction distances
varied slightly from one part of the section to the
other. Such variations could be as a result of
lateral change in the characteristics of primary
and multiple reflections which affected the fre-
quency of the propagated seismic energy. The vari-
ation also could result from a change in fre-
quency with depth which produces an increase in
prediction distance as the low frequency become
predominant with increasing depth.

d. Prediction operator length

The estimation of operator length for post-stack
deconvolution was carried out by using the auto-
correlation function for observing the energy of
the primary event at zero time amplitude, and the
amplitude and extent of multiples following the
primary (Figs 1b, 2b and 3b). The testing of
multiple attentuation was started by applying
the same prediction distances computed from the
functions while changing the operator lengths. The
selection of the best operator length was started by

Al

Ros

using operators ranging between 140 and 750 ms
and observing their effect on multiple attenua-
tion. As it has been described previously and
shown in Fig. 3b, the ratio of the amplitude of
the primary to multiple reflections before decon-
volution parameters were applied is 3.23:1 and the
time extent of multiples is 600ms. On the de-
convolved trace (Fig. 3c—d) the ratio is 10.5:1. Figures
10, 11, and 12 show part of the seismic sections
before and after a deconvolution filter of 32 ms gap
length, and 300 and 600 ms operator length are
applied. The sections are parts of seismic sections
V100 and V109 and time interval between 1000-
2000 ms. The sections obtained after deconvolution
show progress in multiple attenuation as filter
operator length increases. The reduction in mul-
tiple effect continued until the operator length
reached 600 ms. When the 750 ms operator is applied
no noticeable improvement is observed. Therefore,
the extent of multiple duration is believed to be
around 600ms and the required operator should
be not less than 600 ms to work effectively against the
existing multiples.
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multiple energy. (b) After post-stack decovolution of 32ms gap length, 600 ms operator length is applied. It removed a
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FIG. 12. Part of seismic section V109, CMPs 1151-1449. (a) Before deconvolution, multiple energy is strongly visible

|

a. M ﬂ«f&” Il nf %1'h11| awilli- ‘

especially around and below 1800 time line. (b) After deconvolution of 32 ms gap length, 300 ms operator length applied. (c)
After 600 ms operator length is applied. Multiples are suppressed and primary reflections became prominent.
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DISCUSSION
a. Multiples

Multiples have been defined by Robinson (1979)
as events that make one or more round-trip paths
within the sedimentary layers before returning to
the surface of the earth. Multiple attenuation tech-
niques are conventionally classified according to
the criteria by which they distinguish multiples
from primary events. These criteria are the periodic
nature of multiples and the move-out difference
between multiples and primary reflectors. It has
been mentioned by Hardy et al. (1989, 1990) and
Hardy and Hobbs (1991) that no single technique
consistently out-performs the others; performance
depends on each and every data example. Yilmaz
(1989) has pointed out that there are many assump-
tions in the predictive technique which are not gen-
erally met by real data; hence it is not surprising that
multiples are not effectively suppressed.

The source and type of these multiples are not
very clear and they could be the result of surface
multiples or reverberation within sedimentary units.
Multiples can be divided into two main categories:
long-path and short-path multiples (Badley, 1985).
Stacking and deconvolution are the two main pro-
cessing steps applied for the removal and attenua-
tion of multiples. It is important that multiples
are recognized so that they are not interpreted as
primary reflections. Applying the proper technique
(Sinton et al, 1978; Hardy er al, 1989) to remove
these multiple reflections from seismic data is the
primary factor in order to reduce any ambiguity in
interpretation. Multiple attenuation is considered to
be an essential step towards the recognition, and
increase in resolution, of the primary reflection
events which represent the main reservoirs in the
study area such as the basement reservoirs. Also, it
is very important for the enhancement of data
quality in order to carry out other processing steps
such as attribute analyses and inverse modelling.
Final stacked seismic data is used for the recogni-
tion and possible establishment of seismic criteria to
categorize the primary reflection events of interest.
The multiples are clearly visible especially below
the basement reflector such as in Fig. 10 between
CMPs 2166-2280 and 1400-1800ms; and Fig. 11
between CMPs 1330-1525 and 1550-1800 ms; and
Fig. 12 between CMPs 1449-1345 and below
1700 ms. They appear to have severely affected the
primary events and obscured any detailed strati-
graphic analysis. Multiples interfere with the primaries,
hence, recognizing major reflections events and their
extension along the seismic section becomes very

difficut. The seismic sections obtained after the pre-
dictive deconvolution technique is applied show that
weak remnant multiples still exist. These remnant
multiples are probably the result of relatively high
amplitude interlayer multiples which are not explicit-
ly predicted by the deconvolution operator. Complete
suppression of multiples is the desired result from the
application of various multiple suppression tech-
niques; however, multiples on a section exhibit a
range of properties and so only those multiples which
conform to the predicted assumptions made will be
removed.

b. Choice of Prediction Distance

The prediction distance is chosen to be equal to the
time of a specified zero amplitude point or crossing
on the autocorrelation. It has been indicated by
Peacock (1969) that the prediction distance equal to
the second zero crossing (Fig. 9) is generally the best
choice and it will obviously vary as the predominant
frequency varies. Sinton et al. (1978), during their
study of deep crustal reflections in the western Gulf of
Mexico, have applied predictive deconvolution oper-
ators containing gap lengths with a duration of 4 to
5sec. They have been used to suppress long delay
multiple reflections which obscure primary reflections
from within the earth’s crust. The prediction distance
of a predictive filter can be used to control the length
of the reflection wavelet on output data. If the predic-
tion distance is longer than the basic wavelet then the
wavelet will not be altered. The choice of prediction
distance for optimum wavelet shortening is normally
a compromise between the shortest wavelet, lor maxi-
mum resolution and the overall signal-to-noise ratio
of the data (Peacock, 1969).

¢. Choice of Operator Length

The choice of proper deconvolution operator length
has been discussed by many workers such as Foster
et al. (1968), Hatton et al. (1986), Yilmaz (1987) and
White (1987). It has been mentioned by Hatton et al.
(1986) that as a rule of thumb, the window length
(design gate) is to be ten times the maximum auto-
correlation lag (operator length). Another sugges-
tion by Yilmaz (1987) for pre-stack deconvolution
indicated that the window should be no less than
eight times the operator length. Short windows em-
bracing few reflections yield poor statistics. For
post-stack deconvolution the parameters should
be determined by trials. Foster (1968) and White
(1987) have discussed the estimation problem in the
deconvolution process. They have pointed out that
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lengthening the deconvolution operator tends to
compress the output wavelet more. The resulting
improvement is represented by a decrease in distor-
tion of output with increasing operator length. The
autocorrelation functions obtained from different
design gates (Figs 1, 2, and 3) show that the operator
length is exceeding the suggested rule of thumb
estimates. The main multiples extend to around
600 ms as shown in Fig. 3 which suggests that the
filter should have the same length in a gate of only
2000 ms. The suggested rule of thumb percentage
between the design gate and operator length fall
far short of the required operator as indicated by
the obtained autocorrelation functions. Figs. 1, 2
and 3 indicate that the extent of multiples is still
clear even when the 300 ms operator was applied. In
this set of data a time interval of 3000 ms a filter with
operator length of 600 ms is shown to be the most
effective operator for attenuating the existing
multiples.

CONCLUSIONS AND RECOMMENDATIONS

The study shows that further investigation is required
regarding the estimation and application of the de-
convolution parameters in relation to multiple sup-
pression during the seismic data processing. The
sources of multiple generation seem to be more
complicated than generally assumed, and the sup-
pression of multiples effectively requires the availabil-
ity of detailed information about the reflectors and
their geometry. It seems that there is no practical and
clear computational procedure in the literature about
how the deconvolution parameters should be es-
timated and applied for pre-stack and post-stack
deconvolution. The suggested rule of thumb tech-
niques, which are mainly for pre-stack deconvolution
to relate operator length to design gate, have not
described the practical conditions in which such tech-
niques should be applied. In this set of data a
deconvolution filter with 32 ms prediction distance
and operator length of 600 ms is shown to be the
most effective operator for attenuating the existing
multiples.

It is evident from this study that although the
applied post-stack deconvolution on the observed
seismic data gave encouraging results, they still
have not shown the expected improvement re-
garding multiple suppression. Therefore, elaborate
planning procedures prior to the acquisition of
seismic reflection data might improve the quality
of the seismic data. The planning includes the gener-
ation of modelled sections from the CDP gathers
and well data. The company should ask the con-

tractor to provide model of CDP gather with
multiples included. This could aid in the assess-
ment of the existing type of multiples. The multiple
effects might be minimized by testing different
patterns during the gathering of field data. The opti-
mum recording and optimum offset could be design-
ed to cancel the multiple at certain intervals by the
choice of source-receiver offset which has a suitable
angle for receiving the reflected seismic energy from
primary reflectors and rejecting energy from the
multiples.

ACKNOWLEDGEMENT

[ would like to express my thanks to the manage-
ment of the Petroleum Research Centre, special
thanks go to Mr M. Idris the Secretary of People’s
Committee of the PRC for permission to publish
this paper. I wish to thank Dr W. Ashcroft from
the Geology and Petroleum Geology Department,
University of Aberdeen [or his help, guidance and
valuable discussions in preparing this work. Thanks
are also extended to the management and staff mem-
bers of the Libyan National Oil Corporation and
Zuetina Oil Compay [or providing the data of the
study area.

REFERENCES

Arya, V.K. and Agwal, J.K. (Eds.), 1982. Deconvoluticn of seismic
data: Hutchinson Ross Publishing Company.

Badley, M.E., 1983, Practical seismic interpretation: IHRDC, Pub-
lisher.

Berkhout, J.A., 1977. Least-squares inverse filtering and wavelet
deconvolution, Geophysics 42, 1369-1383.

Dobrin, M.B. and Savit, C.H., 1988, Introduction to geo-
physical prospecting (4th ed.). McGraw-Hill book Company,
Singapore.

Foster, M.J., Sengbush, R.L. and Watson, R.J., 1968, Use of Monte
Carlo techniques in optimum design of the deconvolution pro-
cess, Geophysics 33, 945-95940,

Griffiths, L.J, Smolka, F.R. and Tremly, L.D., 1977. Adaptive
deconvolution: a new technique for processing tlime-varying
seismic data. Geophysics 42, 742-759.

Hardy, R.J.J. and Hobbs, R.W., 1991. A strategy for multiple
suppression. First break 9, 139-144.

Hardy, R.LJ., Hobbs, R.W,, Jones, I.F. and Warner, M.R., 1990.
The reliability of multiple suppression. First Break 8§, 297-
304.

Hardy, RJ.J., Warner, M.R. and Hobbs, R.'W. 1989. Labell-
ing long-period multiple reflections. Geophysics 54, 122—
126.

Hatton, L., Worthington, M.H. and Makin, J., 1986. Seismic data
processing: Theory and practice, Blackwell, Scientific Publisher,
London.

Peacock, K.L. and Treitel, S., 1969. Predictive deconvolution:
theory and practice. Geophysics 34, 155-169.

Robinson, A.E. and Durrani, T.S., 1986. Geophysical signal pro-
cessing. PHI publisher. p. 481.



36 Elazezi

Robinson, E.A., 1979. Predictive deconvolution. Development in
geophysical exploration methods-2, A.A. Fitch, (Ed.). 1979, p.
77-106.

Robinson, E.A., 1967. Predictive decomposition of time serics with
application to seismic exploration. Geophysics 32, 418-484,

Siton, J.B., Ward, R.W, and Watkins, J.S., 1978. Suppression of
long-delay multiple reflections by predictive deconvolution:
Geophysics 43, 1352-1367.

Treitel, S. and Robinson, E.A., 1966. The design of high resoution
fiters. Inst. Electr. Electron. Eng., GE-4: 25-38.

White, R.E., 1987. Estimation problem in seismic deconvolution,
in: Deconvolution and inversion: M.H. Worthington (Ed.).
Blackwell scientific publications p. 5-37.

Yilmaz, O., 1987. Seismic data processing. Investigations in geo-
physics, Vol. 2: S.M. Doherty (Ed.). Society of Exploration
Geophysicist. :



PRI, Vol. 5 (January 1993); P. 37-45, 14 FIGS, 1 TABLE.

AMPLITUDE FEATURES OF FAST COMPRESSIONAL WAVES IN POROUS
MEDIA ON ZERO-OFFSET SYNTHETIC SEISMOGRAMS

A AA. Othman”®

haled) DLWl (3 day ol dlad! Sl Olaw jallae

-4

i) A jhe Likdl Olalseneud! Lo

os fo ko Dole

3o Jots Bl Sl Sl Gl Bl rdes 35 eee AU LN F S Sl g i bl R i
LA Sl Il plisel all3) Sladl OS] alae e peall o plil Al ] F L B el Dlps U

ABSTRACT

The seismic amplitudes are clearly affected by the
type of medium through which waves are propagated. A
geologic model was designed to study the changes in
amplitudes of the seismic waves within several rocks of
different porosities. Four rocks are selected to show
these features using synthetic seismograms.

INTRODUCTION

The amplitude of seismic waves decay by one of
several processes like scattering, geometrical spread-
ing, reflections, transmissions, dispersion or intrinsic
dissipation. The intrinsic dissipation is present when
the medium is anelastic. The present study considers
the medium as elastic, homogeneous, and isotropic.
Fluid-mineral chemical interactions and the micro-
cracks were not studied.

Geophysicists, in the sixties, became interested in
using the amplitude of the reflected events as a
direct method to the presence of hydrocarbons
(Domenico, 1974). Until 1970, only the variations in
the amplitude of the reflected signal were used as a
qualitative tool for identifying seismic events. A quan-
titative analysis of the character of reflected signal

* University of Qatar, Geology Dept, P.O. Box 2713, Doha, Qatar
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might lead to more information of some of the
acoustical properties of the rock formations (Sheriff,
1974).

The velocity of seismic waves that travel through
porous media depends not only on the rock matrix
velocity, but also on the porosity and the character-
istics of the interstitial Auids. Amplitudes of reflected
seismic waves are important evidence of the anomal-
ous effect of interstitial fluids (water and/or hydrocar-
bons). This depends on the reflection coefficients of
the interfaces, separating different lithologies in a
sequence. The polarity of the reflected seismic pulse
can help to identify a saturated reservoir interface
(Sheriff, 1974). Phase reversal occurs if the reflectivity
changes sign.

Bright spots became the hottest topic in explora-
tion, and with good reason, because they were effec-
tive in pointing gas reservoirs in the Gulf of Mexico
and other areas with similar geologic characteristics.
Observations of time sections, led to false synclinical
structures corresponding to reflections from below
the gas horizons (Hammond, 1975). Some character-
istics of the time signal is expected to show certain
typical changes over the region containing gas, oil or
other fluids.

Quantitative estimations are presented here to dis-
cuss some of the above mentioned parameters, taking
in consideration that the computations are carried
out for the zero-offset case.
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THEORY

Exploration geophysicists are interested in the
lithology, porosity, permeability, saturation and type
of pore fluid of the subsurface formations. Therefore,
there are many authors, who tried to relate the
propagated wave velocity to rock parameters. The
time average equation (Wyllie et al.,, 1962) empirically
relates velocity and formation parameters for wide
range of porosity as:

v={(d/vy)+(1—P)/vnm} " ()

where ¢ is porosity, v is liquid saturated rock veloc-
ity, v, is pore fluid velocity, v, is matrix velocity
(massive rock).

The time average equation (1) displays the relation-
ship between velocity and porosity which, according to
Gardner and Harris, 1968, can be used for shallow
porous layers. This equation cannot be applied for gas-
saturated materials. Therefore, a modification for the
equation is needed. In case of gas-saturated reservoirs,
the modified Wyllie equation (Wyllie et al, 1962),
would take the following new form (Marschall, 1984):

v= {(¢S‘\’/Ull') + [qb(E ﬁsw)/(vg ]Og(cg/cm})]
+{]_¢)/Urﬂ}7l (2)

here v is the wave velocity in a gas and fluid saturated
porous medium, v, is the wave velocity in water, v, is
the wave velocity in gas. S, is the water saturation
fraction, ¢, is gas compressibility, ¢, is matrix com-
pressibility. The compressibility ratio of the fluids
(gas) with respect to solids is nearly equal to 10
{Marschall, 1984) and in equation (2), the logarithm
of this ratio will equal one.

Synthetic seismograms S(t) can be computed from
the convolution of the source wavelet W(t) with
reflectivity R(t). It may be expressed as:

S(t)=R(t)*W(t) (3)

The asterisk denotes convolution. The reflection coef-
ficient R is computed from the equation:

R=(pi+ 10+ 1= Pi0)/(Pis 10541+ Piti) 4

where i denotes the i-th layer and

P=pf+(1_¢)pm (5)

where p is density, p, is fluid density, p,, is matrix
density.

Using the modified equation (2), a great number of
synthetic traces may be computed, for each of which
the suitable reservoir parameters have been modified.
This set of traces may be used as a guide line for

subsequent interpretation of the actual seismic data,
after having applied the appropriate frequency-band
limitation in form of the input source wavelet.

THE GEOLOGICAL MODEL

The geological model that has been chosen for
investigation is shown in Fig. 1. It consists of three
layers (A, B and C). Layers A and C are non-porous
shale. Layer B is selected to be either dolomite,
limestone or sandstone. The acoustical parameters of
the model (slow p-wave and s-wave are neglected) are
given in Table 1.

be

non-porous shale

[: non-porous

shale

FIG. 1. A three geologic layers model A, B and C with
reflection coefficients R, and R,. §,, and S, denote two
reflected signals from the upper and lower interfaces of
layer B.

Table 1. Numerical Parameters Used in the Studied Model

Velocity Density Porosity
(m/s) (gfce) (%)

Layer A:
Shale 4500 2.60 0
Layer B:
Dolomite 7000 2.87 5to 15
Limestone 6400 2.69 10 to 20
Sandstone 5500 2.65 15 to 35
Shale 4500 2.60 40 to 50
Layer C:
Shale 4500 2.60 0
Fluids:
Water 1500 1.00 —
Oil 1200 0.85 —
Gas 480 0.15 —
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DESCRIPTION OF MODEL OUTPUTS

A simple calculation using the modified equation (2)
was carried out to relate velocity with porosity over the
given ranges in the studied geologic model (see Table
1). Fig. 2 shows the plots of all four rocks: shale,
sandstone, limestone and dolomite at gas-, oil- or
water-saturated cases. The wave velocity in dolomite
highly decreases with increasing porosity and in gas-
saturated case is lower than that in water-saturated
one. This relation, for the indicated range, is almost
linear in limestone, and the velocity of gaseous case is
still lower than that of oil and of water saturated cases.
A weak sensitivity appears in saturated sandstones. In
shale, velocity is almost non-sensitive to porosity.

A computer program to execute the synthetic seis-
mograms by inserting the porosity and follow its
effects on amplitudes was generated by the author. A
test was made in Fig. 3 to show the presence of
porosity effects, il layer B was a shale flanked by the

porasity {%)

Hater

Time (nsec)

FIG. 3. Calculated synthetic seismograms in case of layer
B is water saturated shale, for different porosity values.
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FIG. 2. Seismic velocity as function of porosity for limestone, dolomite, sandstone and shale in the studied model, in (G) gas-,

(O) oil-, and (W) water-saturated medium.

shale on the top as well as at the bottom. There are no
reflection coefficients in the case of massive shale in
layer B; i.e. the porosity is zero. According to the intro-
duction of the porosity into layer B, a difference in
velocity occured. A series of plots were computed [or
the dolomite, limestone and sandstone; in both gas-
and oil-saturated cases. Every plot consists of three
parts; each one contains many synthetic traces calcu-
lated over a given range of porosity for every rock type.
In each part, a synthetic trace was calculated for a mas-

sive (non-porous) rock to consider it in the comparative
studies when porosity is introduced into calculations.

SYNTHETIC SEISMOGRAMS IN GAS
AND OIL SATURATED CASES

1. Dolomite

In a gas-saturated dolomite, the reflected event
comes from the bottom of layer B (dolomite), with a
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delay time compared with the massive case, which
increases with increasing porosity. These time shifts
are larger at higher porosity. Fig. 4A shows, also, a
reverse of amplitude polarity starting at a porosity
equal to 8%. At the mixed case (gas/water), this
polarity reversal took place at a porosity value of
10%, as shown in Fig. 4B. Polarity reversals appear
at a porosity of 15% in a water-saturated dolomite,
as shown in Fig. 4C. Time shifts of the second event
(the reflected from the bottom of layer B) generally
decrease by increasing the water saturation percen-
tage in the rock.
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FIG. 4. Synthetic seismograms for partially gas-saturated
dolomite, at different water saturations, calculated for layer
B in the studied model.

Fig. 5A shows a case of oil saturated dolomite,
in which the polarity reversals occur at a porosity
equal to 12%. These reversals start at a porosity
equal to 14% in the mixed (oil/water) case, see
Fig. 5B. Polarity reversals at water-saturated case is

0 ., 1A, o180, A
DAL aa 3 b temyl DOL
v T .

i s . M0 . -0
- &4 3 F % 1a

- . . - . . 5
- e [
L 8 -

g S bl 0 ~
= — 0 "
] e

— =t 12 l0IL
(=

: > 14
o \ 15 1
Aeg TS 950 P8 450

TIME ..(msec )

0. . 75 . . 150 B
o M 2R igeul HOE
- H “ s : L -0
PO ] p : . : -0

. : [ 2 : 3 l5
B l‘d 8 I i

; lﬂv 7
™ H—Ap——= 8 5 =502
o Al ‘o ¥
o A =1y

] i pi— —r12 {OIL
ot | ‘d i - | Y

) Ly -
© 15 1
- v ¥ 3 P : %

0 ¢t 75 1 1bo

TIME (msec )

POROSITY ()

=TI

-+ 75+ 15D
TIME (msec

FIG. 5. Synthetic seismograms for partially oil saturated
dolomite, at different water saturations, calculated for layer
B in the studied model.

mentioned above and is shown in Fig. 5C. The delay
shift is, in general, smaller than that in gas-saturated
dolomite.

2. Limestone

Amplitude polarity changes sign with respect to a
massive limestone, as seen in Fig. 6. Gas-saturated
rocks give large transient times for the second event
with increasing porosity fractions, see Fig. 6A. These
time shifts are smaller in the gas-water mixture case
as shown in Fig. 6B. Water-saturated limestone dis-
plays a case of polarity reversals starting at lower
values of the proposed porosity range as shown in
Fig. 6C.

For oil saturated limestones, time delays are the
only difference with respect to the gas saturated case.
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FIG. 6. Synthetic seismograms for partially gas-saturated
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B in the studied model.

These delays are smaller than in gas saturation, as
indicated in Fig. 7A. Introduction of water in the
model decreases the time shilt as shown in Fig. 7B.
This is clearly shown in the case of water saturated
limestone as seen in Fig. 7C. Reverse ol amplitude
polarity appears at porosity equal to 12%.

3. Sandstone

A porous sandstone is highly affected by the pres-
ence of pore fluids. Some features are observed in Fig.
8A, for the gas-saturated case. Time shifts increased
at higher porosily fractions, but once the water is
introduced, these time shifts decreased, as shown in
Fig. 8B and Fig. 8C.

For oil-saturated sandstone rocks polarity rever-
sals are present all over the porosity range as well as
gas saturated case. The observable difference is a
decrease of time shifts referring to massive sandstones
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FIG. 7. Synthetic seismograms for partially oil-saturated
limestone, at different water saturations, calculated for layer
B in the studied model.

with respect to gas-saturated one, as displayed in
Fig. 9a.

Fig. 9B and Fig. 9C exhibit decrease in time shifts
when the percentage of water saturation is increased.

AMPLITUDE CHARACTERISTICS
DUE TO LAYER B

The following discussion is restricted to study the
forms of the events reflected from the bottom of
layer B.

Amplitudes in a porous dolomite have different
features over the selected porosity range, at different
degrees of water saturation. Fig. 10 shows the
effects of three different cases of saturations on the
amplitude. A quick comparison beiween the three
cases confirm that in gas-saturated dolomite, the
amplitudes are higher (bright spots). The calculated
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amplitudes show an increase with increasing the
porosity values. The presence of water in the forma-
tion decreases the amplitudes of seismic events, and
moves the upper curve downwards. Before and after
intersecting the zero-marked line (solid line), the am-
plitudes show changes from negative to positive
values; i.e. polarity reversals. These reversals start at
porosity higher than 6% (for S,,=0%), and higher
than 8.25% (for S,,=50%).

Oil-saturation decreases the amplitude lower
than that of gas saturated rock. Polarity of ampli-
tudes changes signs at porosity higher than 11.75%.
Due to presence of water, the last value will be
shifted to perosity higher than 13.25%. If layer B is
water saturated dolomite, amplitudes of travelling
events increase with increasing porosity. A reverse
polarity appears at porosity higher than 12.5%. The
amplitudes of the water saturated case are generally
larger than that of oil mixded with water. At porosity
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FIG. 9. Synthetic seismograms for partially oil-saturated
sandstone, at different water saturations, calculated for
layer B in the studied model.

equals to 8.25%, seismic waves were reflected with
the same amplitude, in both oil- and water- saturated
cases, as observed in Fig. 10.

This situation is different in porous limestone as
observed in Fig. 11. Acoustic waves that travel
through a gas-saturated limestone have larger am-
plitudes which have change polarity upon reflecting
at the bottom of layer B. The only exception is for
S, =100% for porosity values less than about 10.5%.
Gas amplitude decreases downwards as water satura-
tion is increased to 50%, (Fig. 11). A similar condi-
tion was observed in the case of oil-saturated rock,
where the amplitudes were decreased by increasing
S

Amplitudes of travelling waves through gas
saturated sandstone have a non linear relation with
porosity, as shown in Fig. 12. The increase is steady
for porosities less than 25%, and takes a linear
shape for higher porosities. If the water saturation
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P

increases, it decreases the gas amplitudes. Qil
saturated amplitudes decrease with increasing water
content in the pores, as shown in Fig. 12. Water-
saturated sandstones show amplitudes of minimum
values and of linear nature with increasing porosity.
There are no polarity reversals detected as seen in
Fig. 12,

A complete picture was created in Fig. 13. Am-
plitudes of the waves passing through all the four
rocks are displayed together. Polarity reversals
take place at porosities starting from 7.5% to

15%. Sandstones have higher gas-saturated ampli-
tudes than other studied rocks in the present
work. Shales have also large amplitudes at higher
porosities.

FIELD DATA

Three measured field records were collected from
different published works to declare the above dis-
cussed ideas. These examples include bright spot
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the received second event in the studied model.

amplitudes, which help in the detection of gas
reservoirs. Fig. 14A and Fig. 14B show gas fields.
Amplitudes are higher than the adjacent horizons,
which describe clearly the bright spots, giving to a
similar amplitude characteristic like that calculated
in the studied model. In Fig. 14B, a drilled well
is indicated on the seismic line. Well information
is tied with the presented time section, and the

black markers are sandstones. Gas saturated sand-
stone, as mentioned in the previous section, gives
higher amplitudes (bright spots).

In Fig. 14C, the two boxes display the polarity
reversals which may be interpreted as structural
changes (i.e., fault) or as a difference in the pore fluid

contents, as observed from the calculated results of
the studied model.
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CONCLUSION

The present study deals with travelled ampli-
tudes in porous media. It is carried out through

calculations of a designed model. The following con-
clusions can be considered:

1. Amplitudes of travelled waves in porous media
are highly affected by porosity, the type of fluid (gas,
oil, water) and the amount of fluid (porosity, satura-
tion). Addition of water in the pores decreases these
amplitudes.

2. In dolomite and limestone polarity reversals
appear if the varying porosity crosses a specific
value.
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DEPOSITIONAL ENVIRONMENT OF THE BAHI FORMATION DEDUCED
BY TEXTURAL ANALYSIS, NW SIRT BASIN, LIBYA
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ABSTRACT

A detailed investigation of the lower part of the Bahi
Formation in the northwestern Sirt Busin was under-
taken to describe its sedimentological texture, to deter-
mine its environment of deposition as well as to test the
existing techniques of environmental analysis.

The lower part of the Bahi sandstone is fine to very
coarse, poorly to moderately well sorted, fine to coarse
skewed, and mesokurtic to leptokurtic sand. Grain size
frequency distributions tend to exhibit a weakely devel-
oped biomodality. Sorting and skewness, consistent
with changes in local paleotopography and regional
paleoslope.

Environmental interpretations based on four bivari-
ate grain size parameters combinations were achieved
with cumulative probability curve techniques and with
the regional stratigraphic variations in single grain size
parameters. A fluvial sand body environment is de-
duced.

* Petroleum Research Centre, P.O. Box 6431, Tripoli, G.S.P.L.A.L
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INTRODUCTION

Many previous workers have used the grain size
distribution of classic sediments to characterise de-
positional environments, to recognise the mechan-
isms of sediment transport and deposition, and to
differentiate between environmental settings (Folk
and Ward, 1957; Passega, 1957, 1964; Mason and
Folk, 1958; Steward, 1958; Friedman, 1961, 1967;
Moiola and Weiser 1968; Passega and Byramjee,
1969; Visher, 1969; Folk, 1974; Moshrif, 1980; Abu
El-ella and Coleman, 1985).

There have been no detailed grain size analysis of
the Bahi Formation in the northwestern part of the
Sirt Basin (Az Zahara-Hofarah Platform). Mechan-
ical sieve analysis (3 phi) were carried out on a total
of forty five samples of the Bahi sandstone in the
A2-32, A4-32 and F6-32 boreholes (Fig. 1). These
samples cover most of the succession, except for the
uppermost part (a glauconite-bearing marine se-
quence) which has not been analysed because of
unavailability of samples.
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The work was carried out with the following objec-
tives: To determine vertical and lateral texture varia-
tion within the Bahi Formation; to give a clear idea
of the depositional environments of the formation
and to throw light on the transporting agents of the
sediment.

STRATIGRAPHY

The Bahi Formation is found in the subsurface of
the northwestern part of the Sirt Basin. It attains a
maximum thickness of about 110 meters in A3-32. In
various places, the Bahi Formation is overlain by the
Lidam Formation or other younger Upper Creta-
ceous formations (Argub, Rachmat, Sirt, Kalash, etc.),
ranging in age from Cenomanian to Maastrichtian,
and it is seen to unconformably overlie the Cambro-
Ordovician Hofra Formation; in the D1-32 borehole,
it rests uncomformably on Devonian sediments. It
can be concluded, then, that the Bahi Formation is a
diachronous unit, ranging in age from Cenomanian
to Maastrichtian (Sghair, 1990).

At the beginning of the Cenomanian and continu-
ing the Maastrichtian, a transgressive sandy base is
recognised which has been given various names in the
Sirt Basin (Bahi, Maragh, Basal Sandstones, etc.).
During this timespan a major transgression took
place in northern Libya. The Bahi Formation at the

Map showing the geographic location of the study area.

base of the succession is made up of interbedded
sandstone, siltstone, conglomerate and shale. Sand-
stone is the most common lithology: it is usually
medium to coarse in texture with subangular to
angular quartz grains. Glauconite is common in the
uppermost part, 3 to 6 meters, thick, but seems to be
absent in the lower part. The siltstone and shale are
red or mottled. Usually there is a basal conglomerate
3 to 6m thick), consisting of rounded quartzic
pebbles with a sandy or shaley matrix (Barr and
Weegar, 1972).

METHOD AND PROCEDURES

In the laboratory, samples were evenly crushed
and checked using a binocular microscope to ensure
that the grains were completely separated. The
samples were dried and 50 grams were weighed
and sieved using £ phi sieve intervals for 15 minutes
on a Ro-Tap shaker. Each fraction was weighed by
a beam balance accurate to one hundredth of a gram
and the frequencies were then obtained. From the
grain-size analysis data, cumulative frequency curves
were drawn on arithmetic probability paper using a
phi scale. Other grain-size parameters determined
include maximum size, median size, and “C” the first
percentile in the grain-size distribution (Passega,
1957).
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Grain size statistical parameters; mean size, stan-
dard deviation, skewness and kurtosis, were cal-
culated using linear interpolation on the weight per-
centage distributions and the following formulas
(Folk and Ward, 1957);

P16+ P50+ P84

Mean size= 3 :

P84—-Pl16 P95—P5

Standard deviation =
anaar gviation 4 + P
Skewness P16+ P84—2PS0 PS5+ P95—2P50
N = (P84—P16) 2(P95—P3)
P95—P5
Kurtosis=

2.44(P84—P16)

Where P16, P50 etc. are the grain size in phi units
{(—log2 of grain size in mm) corresponding to the
16th, 50th, etc. percentiles on the cumulative curve of
grain size distribution. Subsequently, graphs of all
possible parameters were made.

GRAIN SIZE DISTRIBUTION

The most commonly used method of displaying the

results of grain size analysis is by plotting cumulative
percentage against grain size, expressed on a logarith-
mic scale. The comparison of grain size curves and
the interpretation of separate populations is aided by
the use of log probability plots. The interpretation of
the shapes of cumulative grain size distributions in
terms of sedimentary response to hydraulic condi-
tions has attracted the attention of many geologists
(e.g. Visher, 1969; Freeman and Visher, 1975). The
cumulative curve for each sample was first drawn
separately, then the curves representing each
borehole were compounded on the same plot. Repre-
sentative cumulative curves are given in Figs. 2a-c.
It should be kept in mind that the record reflected by
the grain size analysis has been affected by diagenetic
changes in that some grains have been enlarged by
overgrowth and some reduced in size by pressure
solutioning. An additional problem in the grain size
distribution studies is that the same sedimentary
processes occur in a number of environments and
thus textural results are similar. Bearing these con-
straints in mind, examination ol the different seg-
ments in each cumulative curve leads to the following
general observations:
(1) The suspension population represents about 10%
of the distribution in most samples. This may also
contain small heavy minerals which belong to the
‘tractive’ load.
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(2) The saltation population is well developed: it
represents more than 85% of the distribution.

(3) The traction population is usually very small and
represents only about 1% of the distribution, except
for a few samples where it represents more than 60%
of the distribution. This reflects two main modes of
transportation of the Bahi sediment; a saltation load
transport for most samples and surface creep or
rolling transport for others.

STRATIGRAPHIC VARIATION IN
GRAIN-SIZE PARAMETERS

The formulae of Folk and Ward (1957), and
Folk (1974), have been used in this study, to deter-
mine grain size statistical parameters (mean size,
standard deviation, skewness, kurtosis), because
they cover most of the sediment distribution data
for the Bahi samples especially in the tails of the
distribution. Vertical profile for each borehole in the
Bahi Formation shows the stratigraphic variation in
mean size, standard deviation, skewness and kurtosis
(Figs. 3a-c).

Mean Characteristics

The mean size value of the Bahi sediment in the
A2-32 borehole ranges between 3.13 to 1.75 phi (very
fine to fine sand) in most of the samples. One sample
has a value of —0.02 phi (very coarse sand) in the
upper part of the section. However, this section can
be divided into two parts according to the mean size
value, the sediment in the lower part being very fine
to fine sand and, in upper part, very coarse sand (Fig.
3a). Whereas in the A4-32 borehole the mean size
values range between 2.95 to — 1.50 phi (fine to very
coarse sand). Here the Bahi sandstone can be divided
according to the mean size of the sediments. In the
lower part, the mean size value shows a coarsening
upward pattern from fine into coarse and then very
coarse sand followed by repetitive grading from med-
ium to coarse sand. In the upper part the mean size
values range from fine to medium into coarse and
very coarse sand (Fig. 3b). While the mean size value
in the F6-32 borehole ranges between 2.23 and 0.43
phi (fine to coarse sand). According to the grain size
values the Bahi sandstone can be divided into; the
lower part, coarsening upward {rom fine to medium
to coarse sand, and the upper part, also coarsening
upward, ranging from fine to medium sand (Fig. 3c).
Generally, the overall mean size values of the three
borholes exhibit a coarsening upward trend from
very fine sand to very coarse sand. This variation in
mean size could be related to variation in the energy
of transporting agents and/or change in the source of
the sediment during deposition.
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Sorting Characteristics

Most of the samples in the A2-32 borehole are
moderately to moderately well sorted (8 out of
11) and show uniform standard deviation values
ranging between 0.50 and 0.79 phi, with an average
of 0.62 phi. The remaining three samples of which
two are from the upper part of the section sampled,
are poorly sorted, ranging between 1.19 and 1.37
phi, and one sample from the lowest part of the
section is well sorted, 0.38 phi, (Fig. 3a). Whereas
the samples from the A4-32 borehole are moder-
ately to moderately well sorted (16 out of 22),
and show uniform standard deviation values rang-
ing between 0.60 and 0.98 phi with an average of
(.79 phi. The remaining samples are poorly to
very poorly sorted and range from 1.03 to 2.09
phi with an average of 1.31 phi (Fig. 3b). whereas
in the F6-32 borehole the samples are moderately
sorted (10 out of 12), and show uniform standard
deviation values ranging between 0.77 and 0.97
phi with an average of 0.8 phi, except for two samples
from the upper and lowest part of the sampled section
which are poorly sorted and range between 1.52 and
1.71 phi with an average of 1.62 phi (Fig. 3c). Lateral
and vertical variation of the sorting in the Bahi
sediment from one borehole to another may reflect
different sediment sources but may also reflect the
nature of the transporting agents at the time of
deposition.

Skewness Characteristics

Values of inclusive graphic skewness in the A2-32
borehole, range from the strongly fine skewed to near
symmetrical, with an overall range between —0.0l
and +0.34 (Fig. 3a), whereas in the A4-32 borehole,
skewness values range from strongly fine skewness to
a near symmetrical curve, with an overall range
between —0.07 and 0.56, except for one sampie which
shows a strongly coarse skew 0.56, (Fig. 3b). In the
F6-32 borehole, skewness values range from strongly
fine skewed to strongly coarse skewed, with an over-
all range between —0.49 and +0.33 (Fig. 3¢).

The overall average inclusive graphic skewness in
the three boreholes show strongly fine skewed to a
near symmetrical distribution. This asymmetry in the
sediment distribution, both laterally and vertically,
may result from multiple sources for the Bahi sedi-
ment.

Kurtosis Characteristics

In the samples from the A2-32 borehole, graphic
kurtosis is leptokurtic to very leptokurtic with a
range between 1.134 and 2.596, except for three
samples from the middle and lower part of the
sampled section which are mesokurtic (Fig. 3a). In the
A4-32 borehole, the samples are leptokurtic to very
leptokurtic with ranges beiween 0.134 and 1.517,
except for eight samples which are mesokurtic and
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one which is platykurtic (Fig. 3b). In the F6-32
borehole, most of the samples are mesokurtic with
ranges between 0.907 and 1.092. Two samples how-
ever are very leptokurtic, two are platykurtic and one
sample is very platykurtic (Fig. 3c). Generally, the
Bahi sediment in these boreholes is leptokurtic to
very leptokurtic, indicating that the central part of
the samples are better sorted than the tails, whereas
some samples are mesokurtic, showing similarity in
sorting between the central and the tails portions of
the sediment distribution curves. This indicates differ-
ent degree of sorting which may reflect multiple
sources for the sediment and/or more than one mode
of transportation.

ENVIRONMENTAL INTERPRETATION

For more than 30 years sedimentologists have been
seriously attempting to use textural analysis to de-
duce depositional environments. Scatter plots of in-
clusive standard deviation against inclusive graphic
skewness, inclusive standard deviation against
graphic mean size and median against inclusive stan-
dard deviation have been constructed in an attempt
to recognise the depositional environment or envi-
ronments for the Bahi sediment.

Plots of inclusive standard deviation against
graphic skewness have been used by many workers to
differentiate between river and beach sands (e.g.
Friedman, 1961 and 1967, Moiola and Weiser, 1968
and others). Friedman (1967) shows that a plot of
inclusive graphic skewness versus inclusive graphic
standard deviation gives a good separation between
beach and river sands. Beach sands tend to be better
sorted than river sands and thus tend to have lower
numerical standard deviation values (Friedman,
1961). A plot of these two grain size parameters for
the Bahi samples in the three boreholes is shown in
Fig. 4. Using Friedman (1967) and Moiola and
Weiser (1968) boundary lines, the majority of the
samples are classified as river sands except for one
sample from the A2-32 borehole which is classified as
a beach sand. None of the analysed samples in the
three boreholes include the uppermost part of the
formation which is known, on mineralogical grounds,
to represent the initiation of a marine cycle (glau-
conitic sandstone).

Plots of standard deviation against mean size is
also considered to be most effective in differentiating
between depositional environments. Moshrif (1980)
used a combination of the “environmental bound-
aries” of Friedman (1961, 1967) to differentiate be-
tween beach, dune and river sands. Applying these
boundary lines to the Bahi samples from the three
boreholes (Fig. 5a), most of them are classified as
river sands, whereas a few samples from the A2-32
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FIG. 4. Plot of inclusive graphic standard deviation
against inclusive graphic skewness, showing the environment
of deposition in the Bahi Formation in the boreholes studied,
based on Friedman (1967) and Moiola and Weiser (1968).

and A4-32 boreholes are classified as dune sands.
Applying Moiola and Weiser’s framework (1968) for
these parameters (standard deviation and mean size),
show, however, that ali the analysed samples are
classified as river sands (Fig. 5b).

Steward (1958) used a scatter plot of standard
deviation against median to differentiate between
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river processes, wave processes, and slow deposition
in quiet water, Stewart’s diagram (Fig. 6), shows that
wave processes are responsible for most of the
samples in the Bahi sandstone in the A2-32 borehole,
and the river processes {or most of the samples in the
A4-32 borehole, except for two samples which fall on
the wave processes side. Seven samples in the F6-32
borehole fall on the river processes side and one
sample falls on the wave processes side. The remain-
ing samples from the three boreholes fall outside both
fields. They fall close to the river processes field, and
their plot position may not be particularly significant.
This suggests that the Bahi sediments were deposited
under the changing mechanical conditions which
would be expected as a fluvial regime passed, by
degrees, into a littoral one.

Passega (1957, 1964) stated that sample point pat-
terns representing the variations in a deposit of two
parameters, C and M, are characteristics of the de-
positional agent. The C is the one percentile diameter
{(in micron), an approximation of the maximum grain
size; and M is the fifty percentile particle diameter,
the median. Passega stated that the CM pattern is
geological tool which can be used to analyse the
depositional conditions in recent sediments and thus
enable a reconstruction to be made of the conditions
of deposition for ancient sediment suites. The CM
diagram illustrates the relationship between grain size
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boreholes studied, based on Steward (1958).
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and the hydraulic conditions under which clastic
deposits have accumulated. Passega (1964) sub-
divided the CM patttern by points N, O, P, Q, R and
S into five segments each of which corresponds to a
particular sedimentation mechanism. This implies
that clastic sediments of a certain grain size are
available under particular hydraulic conditions. The
mechanism of transportation are represented mainly
by rolling (NO); rolling and suspension (OP); suspen-
sion and rolling (PQ); graded suspension (QR) and
uniform suspension (SR). Pelagic suspension (T) re-
presents the finest sediments (below 15 micron). In
1969 Passega and Byramjee further subdivided the
CM diagram into 9 classes as shown in Fig. 7. Data
falling in classes I, II, III, and IX indicates that the
grains have been transported by rolling while those
falling in classes 1V, V, VI, VII and VIII indicate
grains which have been transported by saltation. The
CM technique is mostly applied at the lamina scale
but in this study has been applied to all grain size
analysis samples even though the value may be
limited.

Fig. 7, shows the distribution for the samples from
the Bahi sediment in the three boreholes. Most of the
samples in the A2-32 borehole fall within classes IV
and V. indicating that they were transported by
saltation, except for two samples which fall in classes
I and IT indicating that they were transported by

rolling. In the A4-32 and F6-32 boreholes, most of the
samples fall in class I indicating that they were
transported by rolling, except for two samples in
F6-32 borehole which fall in class [V indicating that
they were transported by saltation.

CONCLUSIONS

Keeping in mind that grain diminution and over-
growth may modify the size characteristics of the
sediment, and the fact that the cement may itsell
break down into grains the following general con-
clusions can be drawn:

Cumulative frequency curves show two main
modes of transportation for the Bahi Sandstone;
saltation load transport for most of the samples and
surface creep or rolling transport for the others.

Histograms show that most of the Bahi Sandstone
samples are unimodal for the A2-32 and A4-32
boreholes, with few samples showing biomodality in
the latter borehole, whereas in the F6-32 borehole the
majority of the samples show a biomodal distribu-
tion.

Sediment distribution in the formation exhibits a
coarsening upward trend ranging from very fine to
very coarse sand, moderately to very poorly sorted,
characterized by a strongly fine to strongly coarse
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FIG. 7. Plot of C (lst percentile) against M (Median in diameter), showing the nature of transportation of the Bahi
Formation in the boreholes studied, based on Passega and Byramjee (1969).
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skewness which varies from leptokurtic to very lepto-
kurtic with some samples being mesokurtic. This
variation could be related to variation in the energy
of transportating agents and/or changes in the source
of the sediment during the Bahi deposition.

Sorting data plotted against mean size and skew-
ness show that the Bahi Formation largely comprises
river sands, with few samples which are to be re-
garded as beach sands.

Sorting evidence plotted against the median shows
that the process agent for the Bahi sediment is river
and wave systems.
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MICROPROBE ANALYSIS OF THE GLAUCONITE PELLETS
OF THE LIDAM FORMATION NW SIRT BASIN, LIBYA

M. El-Bakai*
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ABSTRACT reflect localized concentration of K5 0. The roundness

of glauconite pellets and their replacement by dolomite

The glauconite pellets of the Lidam Formation in suggest that they might have been transported early to
north-west Sirt Basin, Libya, have been classified into the outer ramp. The glauconite pellets are a valuable
three types. They are grass-green pellets, light-green marine indicator. They oceur mainly in relatively shal-
pellets and brownish-yellow pellets. low water, at depths between 60-300m. They are
The microprobe analysis of the three types shows particularly characteristic of the inner part of the
that the brownish-yellow pellets are the same as continental shelf. This highly glauconitic bed of Ceno-
grass-green pellets, but the Fe®™, Fe*" and K were manian age mark the base of a transgressive sequence.

possibly replaced by Aly;. These brownish-yellow
grains reflect a history of more oxidizing conditions,

either through subaerial exposure or transport in shal- INTRODUCTION

low turbulent waters during Upper Cenomanian-Lower

Turonian low sea level stands. The light-green pellets The Lidam Formation in the study area (Fig. 1)

represent the transition stage between the other two is composed of very shallow marine carbonates

types. It also shows that the mean values of K, 0 in the with thin lenses of sandstones, particularly in the

grass-green pellets (glauconite mineral) is 8.7 which lower part. The lower part of the Lidam Formation
shows a local mixing with the sandstone of the Bahi

*Petroeum Research Centre, P.O. Box 6431, Tripoli, G.S.P.L.AJ. formaton. Very common greenish-grey dolomitic

56
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FIG. 1. Study area and location of wells.
glauconite beds were encountered in wells D1-32 and
A2-32. Glauconite pellets were found throughout the = Limestone Anhydrito
Lidam sedimcfnls, but more commonly in the lower Bl imetions S
part (EI-B_akal’ 1989)' z 2 "—_:'—_:é Dolamite Glauconite
The Lidam Formation unconformably overlies EX buanktions T oo
. : ¥ » . . olomite Limestang o andsione
various units including the Nubian Formation, the
Bahi Formation and igneous-metamorphic base- 3P R
ment. It is usually overlain by the Upper Creta-
ceous Etel Formation with apparent conformity ARGUB. FOAMATION

(Barr and Weegar, 1972). The Lidam Formation
is considered as Cenomanian in age by Barr and
Weegar, (1972, p. 121-122). Hammuda et al. (1985),
documented this formation as Cenomanian-Turonian
in age.
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The Lidam formation in its type section (Fig. 2),
consists mainly of well to moderately cemented
calcarenite, calcilutite containing skeletal material
and pellets at the upper part. The rock of the
Lidam Formation in the lower part is dominante ,
by dark greenish glauconitic dolomite. The thick- e S
ness of this interval varies between 3 to 6 metres. ¢l 3
The size of the glauconite pellets in the lower part { s
of the formation ranges from 0.3 to 20 mm. This
zone of glauconite probably represents the base
of the Cenomanian transgression in the Sirt FIG. 2. Type well of the Lidam Formation in the study
Basin. area (D1-32).
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The Lidam Formation is considered Cenomanian
in age. It is equivalent in age and, sometimes, in
lithology to surface outcrops of the Yefren member
and Nalut Formation in Jabal Nefusa North-Western
Libya.

METHODS OF STUDY

Polished thin sections were prepared [rom selected
core samples obtained from wells D1-32, A2-32 and
A4-32.

The analysis ol the glauconite pellets were made at
the center and cortices of each pellet.

GENERAL STATEMENT

Glauconite is a mica mineral which occurs almost
in marine sediments. It is generally accepted that
glauconites are probably formed by marine diagen-
esis in shallow water during periods of slow or
negative sedimentation. Its chemical formula is

(K., Na, Ca)l_g 3_0(F6+3, Als Fe+lv Mg)4.0
[Si; 75Al, 0.4020J(OH)4.n(H,0)

The thickness of these intervals is 10 ft (3 m) in well
A2-32 at depth 6215-6225 [t (18661869 m). It is 23 {t
(7 m) thick in well D1-32 at depth 7190-7213 ft (2159-
2166 m).

The polished slab cores are dark greenish-grey,
highly bioturbated with pure dolomite concretions
and assciated with pyrite nodules. No skeletal al-
lochems can be observed in the thin-sections. Only
interminate allochem ghosts occur, representing fos-
sils completely replaced by either secondary anhyd-
rite. or dolomite crystals. Elsewhere in the Lidam
Formaton e.g. the upper part of the formation, some
glauconite had replaced shells or had filled micro-
pores with echinoderms, bryozoans or foraminiferas.

The glauconite pellets are moderately well sorted
and usually larger than the dolomite crystals and
quartz grains. Their size range between 0.3 to 2 mm.
The glauconite pellets are mainly well rounded to
elliptical with rare irregular and narrow cracks. Their
margins are limonite resulting from the oxidation of
ferous iron (Adams et al., 1984). They commonly
occur in varying abundance throughout the entire
sequence of the Lidam sediments in the study area
(con. 32), and can be classified according to the colour
into three types:

— Grass-green pellets
— Light-green pellets
— Brownish-yelow pellets

The three types are similar to those described by
Baily and Atherton (1969).

Some glauconite pellets display brownish cores
and pale green margins, while others show dark
margins.

ELECTRON MICROPROBE ANALYSIS

Analysis of six polished thin-sections consisting of
30 to 75 glauconite grains using the Electron Micro-
probe shows significant differences between the three
types of glauconite pellets. Microprobe analysis in-
dicated higher content of FeO and K,O for the
grass-green and light grains, and lower content for
the brownish grains. P,Os; and Al,O; content are
higher for the brownish pellets and much lower for
the green pellets (Tables 1 and 2).

Iron and potassium: The analysis indicated that
FeO content in the light-green pellets varies between
4.10% to 19.07% (mean 16.07%), FeO content in the
grass-green pellets between 15.09% and 2231%
(mean 19%, Table 1), while in the brownish pellets
FeO varies between 0.46% to 19.39% (mean 14.79%).
Iron content was also found to vary significantly
between the center and margin of the brownish
grains, FeO content varied between 14.09% to
19.39% (mean 16.8%) in the margins of the
brownish-yellow grains, whereas the variation is be-
tween 0.46% to 9.38% (mean 5.8%) in the core.
Microprobe analysis of the grass-green glauconite
pellets gave K, O values from 7.97 to 9.36% (mean
8.7%) reflecting the highly localized concentration of
K.O.

The vaiues of K, O within the light-green glaucon-
ite grains range between 2.51% and 19.19% (mean
8.28%). The values within the brownish grains are
from 0.2% to 9.1% (mean 8.15%). There are slight
differences between the cores and margins of the
light-green grains (mean value of cores is 7.68%,
while it is slightly higher in the margins 8.98%). There
are significant differences in K, O values between the
cortices and centers of the brownish grains; the mean
value in cortices is 10.05% but in the center the mean
value is much lower 6.15%.

Fig. 3 shows the relation between K.O and FeO
in the three glauconite pellets. The three glauconite
grains show a direct correlation between FeO and
K,0. K,O in light-green grains increases from
about 7% at an FeO content of 12% to about
9.2% at an FeO content of 19%. It seems that
potassium started to enter the glauconite during
the second stage of formation after the grains have
achieved and TFeO content between 12-19%
(Bornhold and Giresse, 1985). The same relation-
ship was observed between K,O and FeO in the
grass-green and brownish-yellow glauconite grains
(i.e. K5O increases with increasing FeO content, see
Fig. 3).
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Table 1. Microprobe Analysis for Glauconite

5i0, TiO, AlLL,O; FeO MnO MgO CaO Na,O K,O0 SO; P,0s5 Total Spot Notes
5295 .00 10.75 15.81 0.00 4.43 0.19 0.00 8.37 0.00 0.00 92.49 1 GGC
53.00 0.00 10.26 16.02 0.00 4.89 0.18 0.40 8.05 0.00 0.00 92.80 2 GGM
52.81  0.00 1230 15.23 0.00 375 0.48 0.00 8.18 0.00 0.00 92.75 3 GBM
5290 0.00 14.95 11.55 0.00 377 0.28 0.00 749 0.00 0.00 90.94 4 GBC
51.58  0.00 14.92 10.75 0.00 3.63 0.47 0.00 742 0.00 0.00 88.76 5 GMB
5322 0.00 9.75 16.31 0.00 4.60 0.33 0.31 8.05 0.00 0.00 92.57 6 GLC
5198  0.00 9.63 17.62 0.00 4.38 0.23 0.28 8.43 0.00 0.00 92.57 7 GLM
51.21  0.00 8.83 19.27 0.00 3.89 0.17 0.00 8.73 0.00 0.00 92.10 8§ GGC
51.51  0.00 10.05 19.09 0.00 3.92 0.00 0.48 9.00 0.00 0.00 94.05 9 GGM
53.58 0.00 11.03 15.09 0.00 432 0.24 0.00 197 0.00 0.00 92.23 10 GGC
51.55  0.00 9.80  16.55 0.00 4.18 0.24 0.00 8.02 0.00 0.26 90.60 I GGM
5234 0.00 11.37 1548 0.00 3.75 0.32 0.00 8.25 0.00 0.22 91.73 12 GBC
5243 0.00 11.99 15.16 0.00 3.73 0.37 0.00 8.25 0.20 0.35 92.48 13 GBM
51.92  0.00 11.39 15.97 0.00 3.92 0.28 0.00 4.46 0.22 0.26 9242 14 GLC
5275  0.00 9.97 17.03 0.00 4.20 0.28 0.00 8.88 0.00 0.22 93.33 15 GLM
49.22  0.00 11.96 14.09 0.00 4.20 232 0.00 1.62 0.22 1.83 91.46 16 GBM
49.39  0.00 11.49 14.54 0.00 3.85 0.20 0.00 7.74 0.00 0.36 87.57 17  GLM
5226 0.00 11.80 16.16 0.00 3.63 0.48 0.00 8.43 0.23 0.29 93.28 18 GLM
4970  0.00 8.16 2042 0.00 3.46 0.17 0.39 9.26 0.00 0.00 91.56 19 GBC
52.31  0.00 12,53 12.38 0.00 4.25 0.29 0.00 6.933 0.27 0.34 89.30 20 GLC
5225  0.00 12,52 12.94 0.00 4.45 0.53 0.00 7.36 0.26 0.24 90.55 21 GLM
5140  0.00 8.70 17.19 0.60 431 0.00 0.00 8.21 0.00 0.33 90.14 22 GGC
51.96  0.00 8.67 17.49 0.00 4.17 0.26 0.00 8.33 0.22 0.22 91.32 23 GGM
51.94 0.0 8.75 19.07 0.00 3.58 0.52 0.26 9.19 0.00 0.35 93.66 24 GLC
51.31  0.00 9.97 18.74 0.00 3.29 0.64 0.00 9.05 0.00 0.56 93.56 25 GLM
5134  0.00 796  21.14 0.00 3.24 0.19 0.00 3.98 0.00 0.00 92.85 26 GGC
5001  0.00 8.07 2099 0.00 3.09 0.37 0.00 8.89 0.00 0.36 91.78 27 GGM
51.26  0.00 8.50 2062 0.00 3.38 0.52 0.00 9.30 0.00 0.31 93.89 28 GGM
51.10  0.00 9.94 1939 0.00 3.24 0.49 0.00 9.10 0.00 0.38 93.64 2% GBM
51.2%  0.00 8.85 19.76 0.00 341 0.00 0.00 9.21 0.00 0.26 92.78 30 GBC
51.19  0.00 9.33 19.84 0.00 346 0.20 0.29 9.36 0.00 0.31 93.98 i1 GGM
50.27  0.00 10.57 17.81 0.00 295 2.08 0.00 8.21 0.26 1.40 93.55 32 GLC
52,67  0.00 12.89 16.02 0.00 311 0.63 0.36 8.53 0.00 0.34 94.55 33 GLM
51.79  0.00 1140  16.69 0.00 341 0.71 0.34 8.89 0.00 0.61 93.84 34 GBM
51.64  0.00 7.89  20.78 0.00 3.39 0.19 0.00 9.01 0.00 0.36 93.26 35  GGC
48.70  0.00 10.63 17.76 0.00 3.64 1.71 0.00 8.56 0.00 0.38 91.38 J6 GGM
50.18 0.00 7.85 2119 0.00 316 0.44 0.00 8.80 0.00 0.62 92.24 37 GGM
50.11  0.00 9.80 19.14 0.00 3.00 0.99 0.00 8.61 0.00 0.80 92.45 38  GGM
49.00  0.00 9.84 18.64 0.00 2.88 2.44 0.00 8.72 0.21 1.96 93.69 39  GBM
48.91.  0.00 10.69 19.47 0.00 2.24 0.19 0.34 8.59 0.00 0.33 9076 40 GGC
4972 0.00 840 2231 0.00 2.79 0.50 0.34 8.82 0.22 0.37 9347 41 GGM

Aluminum: Microprobe analysis of the glauconite
grains yielded a mean value of 8.9% Al,O; in grass-
green pellets, with about 1% increase in the margins.
The light-green pellets gave a mean value of 9.73%
Al,O; at the margins and 2.03% in the core. The
mean value of Al, Q5 content in the brownish grains
1s 12.35%, with about 3.1% differences between the
inner core (mean 9.25%) and the exterior corlex
(mean 13.91%).

The inverse relationship between FeO and A1,0;
(Fig. 4) is apparent for both light and grass-green
pellets, but unclear for the brownish-yellow grains.

Silicon: There are little differences in SiO, content
in the three types of glauconite grains. The mean
value is 51.06% SiO, in the grass-green pellets. [t is
32% and 51.77% in the light-green and brownish-
yellow glauconite pellets respectively.

Magnesium: The miroprobe analysis showed slight
difference of MgO content in the three types of
glauconite pellets. The mean values in the grass-
green, the brownish-yellow grains and the light-green
pellets are 3.62%, 3.68% and 3.93% respectively.

DISCUSSION AND CONCLUSION

From the microprobe analysis (Tables 1 and 2), the
following observations are made;

— The Al content is higher in the brownish-yellow
grains than in the grass-green and is intermediate
in the light-green pellets.

— The K content is slightly higher in the grass-
green pellets than in the brownish-yellow
pellets,



60

Table 2. Formula on Basis of Si+Al+Ti+Fe+Mn+Ca=12, 0=22

El-Bakai

Si Al Aly, Fe; Fe; Mn Mg Ca Na K S P Spot  Notes
7.44 0.56 1.22 179 007 000 093 003 000 1.50 0.00 0.00 1 GGC
741 0.59 1.11 1.87 000 000 102 003 011 1.44 0.00 0.00 2 GGM
740 0.60 1.43 156 022 000 078 007 000 1.46 0.00 0.00 3 GBM
740 0.60 1.86 132 003 000 079 004 000 1.36 0.00 0.00 4 GBC
741 0.59 1.93 116 013 000 078 007 000 1.36 0.00 0.00 5 GBM
7.50 0.51 L.11 176 016 000 097 005 009 1.45 0.00 0.00 6 GLC
7.37 0.63 0.98 1.97 012 000 093 004 008 1.53 0.00 0.00 7 GLM
7.36 0.64 0.85 214 018 000 083 003 0.00 1.6 0.00 0.00 8 GGC
7.26 0.74 093 207 018 000 082 000 013 1.62 0.00 0.00 9 GGC
7.51 0.50 1.33 1.67 010 000 090 004 000 143 0.00 0.00 10 GGC
7.44 0.56 1.10 .75 025 000 090 004 000 1.48 0.00 0.03 11 GGM
7.45 0.55 1.36 l46 039 000 080 005 000 1.50 0.00 0.03 12 GBC
7.42 0.59 1.42 122 057 000 079 006 000 1.49 0.02 0.04 13 GBM
7.37 0.63 1.28 144 045 000 083 004 000 1.53 0.02 0.03 14 GLC
745 0.55 1.11 1.63 038 000 088 004 000 1.60 0.00 0.03 15 GLM
7.26 0.74 1.34 0.00 174 000 092 037 000 1.43 0.02 0.23 16 GBM
7.33 0.67 1.34 157 024 000 085 003 000 1.47 0.00 0.05 17 GLM
1.37 0.63 1.33 132 059 000 076 007 000 1.52 0.02 0.04 18 GLM
131 0.69 0.73 206 046 000 076 003 Ol 1.74 0.00 0.00 19 GGC
7.50 0.51 161 .16 032 000 091 005 000 1.27 0.03 0.04 20 GLC
7.42 0.58 1.52 1.25 029 000 054 008 000 1.33 0.03 0.03 21 GLM
7.48 0.52 0.97 182 027 000 054 000 000 1.52 0.00 0.04 22 GGC
1.51 0.49 0.99 1.61 0.51 000 05 004 000 1.54 0.02 0.03 23 GGM
7.46 0.54 0.94 1.47 082 000 077 008 007 1.68 0.00 0.04 24 GLC
7.36 0.64 1.05 140 085 000 070 010 000 1.66 0.00 0.07 25 GLM
7.40 0.60 0.76 213 042 000 070 003 000 1.65 0.00 0.00 26 GGC
7.35 0.65 0.74 190 068 000 068 006 000 1.67 0.00 0.05 27 GGM
7.36 0.64 0.80 1.79 069 000 072 008 000 1.70 0.00 0.04 28 GGM
7.31 0.69 0.99 166 066 000 069 008 000 1.66 0.00 0.05 29 GBM
7.39 0.61 0.89 1.88 0.51 000 073 000 000 1.69 0.00 0.03 30 GGC
7.32 0.68 0.89 176 062 000 074 003 008 1.71 0.00 0.04 31 GGM
7.36 0.65 1.18 0.25 193 000 064 033 000 1.53 0.03 0.17 32 GLC
7.36 0.64 1.48 115 072 000 065 009 009 1.52 0.00 0.04 KX GLM
7.38 0.63 1.29 .04 095 000 072 0.1l 0.09 1.62 0.00 0.07 34 GBM
743 0.57 0.77 1.86¢ 064 000 073 003 000 1.63 0.00 0.04 35 GGC
7.17 0.83 1.02 1.43 076 000 080 027 000 1.61 0.00 0.05 36 GGM
7.36 0.64 0.71 1.76 0.83 000 069 007 000 1.65 0.00 0.08 37 GGM
7.32 0.68 1.01 1.26 1.08 000 065 016 000 1.61 0.00 0.10 38 GGM
1.31 0.69 1.04 000 232 000 064 039 000 1.66 0.02 0.25 39 GBM
723 0.77 1.10 .68 073 000 049 003 010 1.62 0.00 0.04 40 GGC
7.24 0.76 0.68 1.82 089 000 06l 008  0.10 1.64 0.02 0.05 41 GGM

Fe; value is much higher in the grass-green than
in both light-green and brownish-yellow pellets.

The Electron Microprobe analysis leads to the
conclusion that the brownish-yellow pellets were
prass-green pellets (glauconite mineral), but the
Fe3" were possibly replaced by Aly, (aluminum
octahedral). The Fe?™ and K were also replaced
by Aly,. As a result the grass-green pellets were
changed to brownish-yellow pellets. These common-
ly brownish glauctonite grains, reflect a history of
more oxidizing conditions, either through sub-
aerial exposure or transport in shallow turbulent
waters during Upper Cenomanian-Lower Turonian
low sea-level stands (Giresse and QOdi, 1973). The
light-green grains were the transition stage be-
tween the grass-green and brownish yellow pellets
(ie. brownish yellow and light-green glauconite

pellets were formerly all grass-green pellets). The
roundness and size of the glauconite pellets found
in the outer ramp are incompatible with their
setting and strongly suggest that they were trans-
ported, and their replacement by late dolomitiza-
tion (Fig. 5 and 6) suggest that they were transported
early.

The glauconite is a valuable marine indicator
and it occurs most commonly in relatively shallow
water between 60 and 500m, forming up to 90%
of the sediment of the formation. The abundance
of glauconite pellets in the base of the Lidam
Formation and in the top of the Bahi Formation
(both shallow marine deposits), is probably related
to the availability of iron from the alteration of
the abundant micaceous minerals. These glauconite
grains are likely true faecal pellets produced in a
large quantity by filter-feeding organisms, and are,
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FIG. 3. Relationship between K-O and FeO for grass-
green grains (GQG), brownish yellow grains (GB) and light-
green grains (GL).
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FIG. 4. Relationship between Al;O; and FeO for the
same grains in (Fig. 3).

FIG. 5. Microphotograph (SEM) showing the replace-
ment of glauconite pellets by late dolomite.

therefore, essential characteristic of the inner part
of the continental shell (Pryor, 1975). The glauco-
nite within fossils suggests that it developed early
and may have been associated with the dissolution
of aragonite (Pedley and Bennet, 1983).

: AES ! AR ICN
FIG. 6. Microphotograph (SEM) showing the beginning
of replacement of glauconite pellets by dolomite.
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ABSTRACT

The kinetics and mechanism of formation of epi-
chlorohydrin from allyl chloride by hydrogen peroxide
in the presence of sodium molybdate as catalyst have
been studied. The reaction is first order with respect to
oth allyl chloride and sodium molybdate but zero order
with respect to hydrogen peroxide. The effect of pH on
the reaction rate is also studied. The energy of activa-
tion has been determined. A reaction mechanism has
also been proposed.

INTRODUCTION

Epichlorohydrin is an important petrochemical
which is a base material in the manufacture of
epoxy resins. Epoxy resins have become firmly well
established in countless applications and techmiques.
They are used as adhesives, coating and flooring
materials. They have applications in paint and
varnish industries. The other major use for epichloro-
hydrin is in the manufacture of synthetic glycerin.
Minor applications include its use in epichloro-
hydrin based rubber, wet strength resins for paper
industry, ion exchange resins, surface active agents,

*Petroleumn Research Centre, P.O. Box 6431, Tripoli, G.S.P.L.A.L.
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inks, dyes, asphalt improvers, corrosion inhibitors,
antistats, textile additives and bioproducts. Currently,
epichlorohydrin is produced [1] by the chlorohyd-
rination of allyl chloride, derived by chlorination of
propylene but the yield is limited to 60-65%.

Many papers and patents have been devoted to the
epoxidation of olefins with hydrogen peroxide in the
presence of some oxy-compounds of metals such as
W, Mo, V, Os, Ti, Zr, Th, Nb, Ta, Cr, Ru and Se
[2-5]. The present paper deals with the manufacture
of epichlorohydrin from allyl chloride by using hy-
drogen peroxide as an epoxidising agent in the pre-
sence of sodium molybdate as catalyst.

EXPERIMENTAL SECTION

All the chemicals used were of analytical (B.D.H.)
grade. The concentration of hydrogen peroxide in
kinetic runs was measured colorimetrically as des-
cribed elsewhere [6]. 0.1 M sodium hydroxide solu-
tion prepared in isopropanol was used to maintain
the required pH of the medium. Measured quantities
of allyl chloride, sodium molybdate, sodium hydro-
xide solution (to maintain required pH) and solvent
(50:50 v/v mixture of water and isopropanol) were
taken in a stoppered round bottom flask and placed
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in thermostated water bath at 504+ 0.1°C unless men-
tioned otherwise. After the reactants had reached
thermostated temperature, the reaction was started
by addition of temperature equilibrated hydrogen
peroxide. The kinetics were followed by examining
Sml aliquots of the reaction mixture for hydrogen
peroxide content. The aliquots were added to 5ml of
titanium sulphate solution to stop the reaction. Op-
tical density was measured at 420 nm, and the con-
centration of hydrogen peroxide was read [rom the
calibration graph.

The presence of epichlorohydrin as a reaction pro-
duct was confirmed by using Chrompack Packard
Gas Chromatograph (model 439) equipped with
flame ionisation detector. The column used was 10 m
long packed with WCOT fused silica and cp-sil-5CB.
Nitrogen was used as a carrier gas.

RESULTS AND DISCUSSION

The progress of the reaction was observed by
measuring the disappearance of hydrogen peroxide in
the presence of high concentration of allyl chloride.
Isolation method is applied for determining the order
of reaction. The plot of hydrogen peroxide concentra-
tion against time were straight lines (Fig. 1) indicating
zero order dependence of rate on hydrogen peroxide
concentration, Pseudo-zero-order rate constants were
calculated from the slope of these lines and tabulated
in Table 1 as Kgpeq.

R

§§§

]
al ey
AN

TIME (Min.)

FIG. 1. Pseudo-zero order dependence of rate on hydro-
gen peroxide concentration.

The order of reaction with respect to catalyst
(sodium molybdate) concentration was determined by
varying the catalyst concentration and keeping all
other variables, such as temperature, pH, concen-
trations of hydrogen peroxide and allyl chloride con-
stants. k,,.q was calculated from the slope of the plots
of hydrogen peroxide concentration versus time. The

Table 1. Pseudo-Zero-Order Rate for the Oxidation
of Allyl Chloride by Hydrogen Peroxide in the Pre-
sence of Sodium Molybdate

[H.0,] x 10° Ko X 10
(M) (mole dm™3¥sec™!)
4.00 8.14
4.50 8.02
5.00 8.15
5.50 8.23
6.00 8.18

[Allyl chloride]=20.00x10"*M; [Na,MoO,]=
5.00 x 10~* M; pH, 5.0; Temp. 50°C, solvent, 50% v/v
isopropanol.

plot of k.,q against the concentration of sodium
molybdate was a straight line (Fig. 2) which passes
through the origin. This shows first order dependence
of rate on catalyst concentration and it also confirms
that there is no reaction in the absence of sodium
molybdate.

Similarly the order of reaction with respect to allyl
chloride was also determined by varying allyl chlo-
ride concentration and keeping all other variables
constant.k,,,q were calculated from the slope of plots
of [H,0,] versus tme. k.4 is directly proportional
to the concentration of substrate [allyl chloride]. This
is indicative of first order dependence of rate on
substrate concentration. The results are presented in
Table 2.

20.00
-1
[H,0,1 = 5.00 x 107K 0/

BOF  (Al1gl chloridel = 0.20 M
. pH = 5.0
:'E'W‘ Temp, = 500C
&

B.00 o

/O/
4-m/0
R ¥ R Y T Y

INo; MoO,1 x 10'H

FIG. 2. First order dependence of rate on catalyst con-
centration.

Preliminary studies have shown that under our
experimental conditions, hydrogen peroxide does
not change allyl chloride into epichlorohydrin with-
out the presence of catalyst (sodium molybdate)
and also the catalyst alone without hydrogen per-
oxide fails to bring allyl chioride into epichloro-
hydrin. This suggests the involvement of some oxy-
genated form of molybdenum in the process as



64

Ahmad and Labib

Table 2. First Order Dependence of Molybdate Catalysed Oxidation Rate of Allyl Chloride
on the Concentration of Allyl Chloride

[Allyl chloride] x 10? Konea % 10° Kobsa < 16°
(M) {mole dm~? sec™") [Allyl chloride]
10.00 0.81 0.270
20.00 1.21 0.269
30.00 1.63 0.272
40.00 2.03 0.271
50.00 241 0.268

[H.0,]=5.00x 107* M; [Na;MoO,]=5.00 x 10™* M; pH, 5.0, Temp., 30°C; Solvent 50%

v/v isopropanol.

oxygen carrier. In aqueous solution molybdate
ions hydrolyse into the acid anions as in eqn. (1) and

2y
Mo2~+H* = HMo, (1)
HMo; +H* = H,Mo00, 2)

It may be recalled that molybdic acid is converted to
peroxymolybdic acid [7, 8] when treated with aque-
ous hydrogen peroxide which suggests that hydrogen
peroxide rapidly and completely oxidise acid anions
to peroxyacid anions as in eqn. (3):

HMoO; +H,0, » HMoO5 +H,0 (3)

It is presumed here that in the system under investi-
gation peroxymolybdate anion (HMoO7Z) is the ep-
oxidising species and in rate-controlling step it reacts
with allyl chloride giving epichlorohydrin and regen-
erating molybdate anion (HMoO/). Molybdate an-
ion is then reconverted into peroxymolybdate anion
by hydrogen peroxide. The following indicates the
most probable mechanism:

CH,=CH - CH,Cl+HMoO3 t*é

[intermediate complex] (4)
O

[intermediate complex] ks, CH,—-CH-
CH,Cl+ HMoO, (epichlerohydrin} (3)

Assuming steady-state for the concentration of inter-
mediate complex, the rate of reaction is given by eqn. (6).

Rate of reaction=k;s [intermediate complex] (6)

Applying steady state approximation for intermediate
complex,

ks [CH,=CH—-CH,CI] [HMoO3;]—k,
[intermediate complex] —k;

[intermediate complex]=0 (7)

Thus,

[intermediate complex]=
ks [CH,=CH—-CH,CI] [HMo003]

8
ky+ks ®)
Substituting eqn. (8) into eqn. (6) gives:
Rate of reaction=
kiks [CH,=CH—-CH,CI] [HMoO3 ] ©)

kit+ks
Or

Rate of reaction=k [CH,=CH—-CH,CI]
[HMoQO3] (10)

ksks
ky+ks

where, k=

For each experimental set, the pH and catalyst con-

centration were constant. Then eqn. (10) in terms of

catalyst concentration is:

Rate of reaction=k’ [CH,=CH - CH,Cl]
[Na,MoO,] (I1)

As discussed in the previous section, the progress of

the reaction was observed by measuring the disap-

pearance of hydrogen peroxide, which is represented

by the following:

Rate of reaction=k' [CH,=CH —-CH,Cl]
[Na;MoO,] (12)

or,
Rate of reaction =Kk 4 (13)
where,

kopsa =k’ [CH,=CH —CH,Cl] [Na,Mo0O,] (14)

Eqn. (12) explains the observed order of reaction with
respect to allyl chloride, catalyst (Na,MoQ,) and
hydrogen peroxide.
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It has been reported [9] earlier that the formation
of HMoQj is maximum around pH 3.6, The rates of
reaction catalysed by molybdate increase with in-
creasing pH and are maximum at the pH at which
HMoQ, formation is maximum and thereafter the
rates decrease with [urther increase in pH (Fig. 3).
This clearly suggests that peroxymolybdic acid anion
is the epoxidizing agent. At this stage it looks instruc-
tive to argue why negative charged peroxymolybdate
anion and not the unionised peroxymolybdate acid
attacks the double bond of the allyl chloride.

16.00

14.00}

12.00+ //ro\\\

10.00+ 0

200} 20

0.09 - : - : ; s
0 L0 20 30 40 &0 60 7D

pH
Dependence of rate on pH of the medium.

FIG. 3.

In view of the intramolecular hydrogen bond in the
epoxidation of olefins by organic peracids [10, 11]
and the fact that molybdate has the maximum cata-
lytic activity at a pH where concentrations of the
peroxymolybdic acid anion species (HMoOj) is
maximum. It is proposed that peroxymolybdic acid
anion (I) in Fig. 4 is in equilibrium with hydrogen
bonded cyclic structure (II) which due to partial
positive charge on the peroxy oxygen acts like an
electrophile. The proposed transition state of the
reaction is shown in Fig. 5.

The reaction was studied at six different tempera-
tures ranging from 35 to 60°C, and the results are given
in Table 3. The plots of log k.. against reci-
procal of temperature (1/T) gave a straight line (Fig. 6).

0 1 R | R s
+4 4 H

\MD/ e, \/\MO<

0" Noou 0 Q.- 08

{Hydrogen bended
cyelie structure
of peroxymolybdic
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FIG. 4. Cyclic structure of peroxymolybdic acid.
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FIG. 5. Mechanism of the reaction.
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Table 3. Effect of Temperature on the Formation of Epichlorohydrin Rate

Temperature ! « 103 K, poa X 10°
(K) T {moldm™?*sec™!) 6+logk,
308 325 3.16 0.4997
313 3.19 4.68 0.6702
318 3.14 5.62 0.7497
323 3.10 8.14 0.9106
328 3.05 11.48 1.0599
333 3.00 14.45 1.1599

[H:
0.20 M; Solvent, 50% v/v isopropanol.

0,]=500x 103 M; [Na,MoO.]=500x10"*M; pH, 5.0 [Allyl Chloride]=
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The energy of activation was calculated from the
slope of this plot to be 51.06 kJ ml™".
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ABSTRACT In this work some phenylacetothioamide and benzyl-
acetothioamide are synthesised. The chemical and
Many organic compounds having electron rich atoms physical data of the prepared compounds are compiled.
in their structure, such as nitrogen, and sulphur, are The solubility, cold stability, heat stability and corro-
widely in use as lubricating additives in the oil industry sion inhibition characteristics, of the synthesised com-
to minimise corrosion. The presence of electron rich pounds have been measured in the artificial environ-
atoms in the molecules of compounds under discussion, ment (10%, crude in artificial brine at the pH in be-
increases the ability of these substances to form co- tween 4.5 to 4.8). Anticorrosive properties for few of
ordinate covalent bonds with the metal atoms, involved the amine based commercially available oilfield cor-
in the corrosion environment. rosion inhibitors and few of the above mentioned
Compounds based on fatty amine, aromatic amine, synthesised compounds are measured, in the test envi-
imidazoline, di-imidazoline and fatty amide are widely ronment, in order to compare their activity. Prepared
used as corrosion inhibitors. Less attention has been thioamides differ in their molecular weights, due to
given to study thiocarboxylic acid amides as corresion presence of different organic substituents, on the
inhibitors, in the oil field. thicamide group. Synthesis of the above mentioned
compounds are based on the Willgerodt-Kindler reac-

*Petroleum Research Centre, P.O. Box 6431, Tripoli, G.S.P.L AL tion.
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The synthesised compounds are confirmed by IR,
UV} Vis, Elemental Analyzer and other traditional ana-
Iytical techniques. The experimental values of the el-
emental composition of these compounds were com-
pared with the calculated values and found to be in
agreement. UV/Vis and IR spectras also show the
absorption peaks, which confirm the presence of thio-
amide group in the prepared compounds. The possible
reaction mechanism regarding the synthesis of the
above mentioned compounds is discussed. Mechanism
of corrosion inhibition of these compounds in the cor-
rosive environment is explained.

INTRODUCTION

Chemical antidegradants refer to the chemical
species which inhibit corrosion of metals and stabilise
or adjust the environment in which it has been
applied. Corrosion inhibitors form a protective bar-
rier on the surface of a substrate by physical absorp-
tion, chemical absorption or reaction with the sub-
strate. Corrosion problems in the operation of
petroleum drilling installation are to be solved by the
aid of corrosion inhibitors in the injection water. The
crude comes out with plenty of minerals containing
water. The pH of this aqueous and ocily mixture varies
but lies on the acidic side. This acidic pH, mineral
contents and dissolved gases are responsible for me-
tallic corrosion.

Variety of organic compounds having electron rich
atoms in their molecules such as nitrogen and sul-
phur, are widely used as corrosion inhibitor, because
of their anticorrosive and antioxidation properties
[1-3]. A large number of these compounds have been
synthesised in the Petroleum Research Centre. They
showed different percentage composition of nitrogen
and sulphur and varying in unsaturations. It has been
proved experimentally that higher the molecular
weight of the above mentioned types of compounds,
higher is the anticorrosive and antioxidation proper-
ties. It may be due to more surface area of the
molecules. It is also established that the sulphur
containing substances are more effective anticorrosive
and antioxidative compared to nitrogen containing
compounds, provided the molecular weight and mol-
ecuar unsaturations are the same [2-3].

Corrosion and oxidation inhibitors are routinely
used in oil fields and in the refineries, in order to
minimise the corrosion of the oil transporting pipe
lines, pumps, valves and other involved equipments
and also the refinery installations.

Commercial corrosion inhibitors are unique mix-
tures that may contain surfactants, film enhancers,
demulsifiers, or an oxygen scavenger in addition to
inhibitor moiety.

The purpose of this work was to synthesise some
sulphur containing organic compounds which are
higher in boiling point, rich in electron density and
higher molecular weight (such as compounds of
thioamide series). Synthesised thioamides were sup-
posed to be evaluated regarding their anticorrosive
properties in the artificial corrosive environment,
similar to the formation water, in order to locate the
suitable compounds which can compete with the
preparations already available in the market for such
purpose.

PREPARATION

The synthesis of thioamides are based on the
Willgerodt Reaction [4-9]. The reaction is carried
out by adding suitable amine in the mixture of
sulphur and suitable ketone, in equimolar pro-
portion. Thioamides result in the reaction of
enamine with sulphur at 20°C. Enamine is generated
at elevated temperature by the reaction ol ketone
and amine. The following is the general reaction
model:

130°C
ArCOCH,.R+HNR,R, — Ar(lj =CH.R
Ketone Amine Enamine |

Where R =H or organic group
R, =H or organic group
R:=H or organic group

Then reaction of elemental sulphur with enamine
results the isomerisation and thiolysis. This reaction
is very fast and takes place favourably even at 20°C,
as shown below:

Ar—C=CH.R Jsomerisation_« oy ooy, Ss, [ArCH3C|=CHSH]
20°C

§4/20°C
NR,R,

Irreversible H

NR;R;

NR,R,

stabilisation [AI’CHg —CH— =8 e A[-C‘I-I1 —CH,—C=S
\

NR;R;
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EXPERIMENTAL PROCEDURE

A 0.2 Mole of amine was added to a mixture of 0.2
mole of ketone and 0.2 mole of sulphur at ambient
temperature (21-24°C) in a heat resistant reaction
flask, The flask was immediately connected with
reflux condenser. The temperature of the flask was
then gradually raised to 95-100°C, by controlled
heating. The reaction mass was kept at this tempera-
ture with constant stirring for 4-5 hours. After elaps-
ing the reaction time, the flask was allowed to cool.
The reaction mass was dissolved in xylene in order to
remove any unreacted sulphur. After evaporation of
xylene the crystalline products were purified by re-
crystallisation in ethanol. The liquid products were
not purified due to unavailability of very low vacuum
facilities for complete removal of benzene. So crystal-
line products in purified form and liquid products in
crude form were used for evaluation of anticorrosive
properties of the synthesised compounds to screen
out the effective compounds. The melting point of the
crystalline products were measured and are men-
tioned in Table 1. The boiling point of the crude
liquid products were not measured as the compounds
contain xylene. The purification of these compounds
will be done after the availability of the required
vacuum facilities. The yield of crystalline products
were calculated and given in Table 1. The yield of
liquid products were not estimated due to impureness
of the compounds.

Table 1. Experimental Yield of Crystalline Products

m.p.
Compound code in °C Percent yield
iii 122-123 8.1
xii 96-97 47.3
xxi 125-130 59.4
xxii 74-75 8353
XXiv 77-78 82.9

ANALYTICAL CHARACTERISATION
OF THIOAMIDES

Study of L.R. Spectra

[.LR. absorption bands of thioamides fall in the
“Finger print” region of the spectra and are difficult
to trace out normally [1, 10]. Secondly the vibrations
of the —CSN = group are not clearly seen due to
strong coupling with other vibrations of the mol-
ecules. Strong absorption bands were found in the
I.R, Spectra of the synthesised compounds. They were
in the region of 700-850 cm ™!, 700-800cm ™!, and in
the region of 850-1000cm ™!, for the primary, sec-
ondary and tertiary thioamides respectively. These

bands indicate the presence of =N —C =S (double
bond) group in the compound under analysis. The
above mentioned regions are the absorption regions
of N=C —S (single bond) group also.

Strong absorption bands in the region of 1300-
1400 cm ™! in case of primary, secondary and tertiary
thioamide, in L.R. spectras of the synthesised com-
pounds are due to presence of C—C and C—N
(single bond), which are also the absorption region of
C =N (double bond).

The above mentioned observation supports the
concept of resonance stabilised planar S—C—N
skeleton of the thioamide molecules.

S—C=N+—— S=C—N

The absorption bands in the LR. spectra of the
synthesised compounds, in the region 1200~
1300 cm ~ ! in case of primary thioamide, in the region
950-1150 cm ! in case of secondary thioamide and in
the region 1000-1200 cm ™! in case of tertiary thioam-
ides, indicate the presence of N—C—S8 group.

Strong absorption bands in the LR. spectra of the
synthesised compounds, in the region [415-
1480 cm ™! in case of primary thioamide, in the region
1525-1565¢cm ! in case of secondary thicamide and
in the region 1490 to 1530em™! in case of tertiary
thioamide are due to the presence of C—N and NR,
groups.

The above observations confirm the presence of
thioamide group in the synthesised compounds
under investigation. I.R. spectra were obtained in
KBr pellets by using PU-9512 IR spectrophoto-
meter. -

Ultraviolet Spectroscopic Evidence

C =S8 group of thioamide has chromophoric prop-
erties. These compounds are bright yellow and yel-
lowish brown in colour. The majority of their parent
substances (ketones and amines) are colourless and
few are white crystalline in nature. This interesting
fact led to the identification of thioamide by UV/Vis
Spectrophotometry. The UV/Vis spectra of the syn-
thesised compounds were obtained, by using Milton
Roy-1201 UV Spectrometer, in benzene. The results
indicate that the synthesised compounds have char-
acteristic long wavelengths, low intensity (R) band
and the more intense (K} bands at shorter
wavelength. This is in accordance with the behaviour
of thioamides in these regions, as mentioned in the
literature [1, 10]. According to Kasha’s terminology
(R) and (K) bands are due to the n-x* and = to =*
transition respectively [10]. This classification is
based on the MO calculations, polarised U.V. ab-
sorption spectra, solvent shifts, intensities and behav-
iour on protonation. The observed facts are given in
Table 2.
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Table 2, Ultraviolet and Visible Spectrophotometric Data of
Synthesised Compounds

Compound code £ mag(M) loge
i 251.6 4,507
ii 253.6 4.509
i 253.6 4,509
iv 269.8 4,523
v 253.6 4.510
vi 2576 4.515
Vi 259.7 4,517
viil 251.6 4,505
X 255.7 4510
X 256.3 4.504
xi 257.7 4.515
Xii 255.6 4.521
Xiil 253.6 4.508
Xiv 254.6 4.501
XV 255.6 4.511
xvi 251.6 4.506
xvii 257.6 4,513
xviit 256.4 4,503
Xix 263.7 4,519
XX 253.6 4,510
XXl 255.3 4,521
Xxii 2544 4.509
XXiii 253.6 4.510
XXiv 253.6 4510
XXV 261.7 4519
XXVI 259.6 4.521
XXvii 258.9 4.503
xxviii 259.3 4.513
XXiX 267.7 4.522
XXX 253.6 4.509

Solvent used is Benzene.

EVALUATION OF ANTICORROSIVE
PROPERTIES OF THE
SYNTHESISED COMPOUNDS

Anticorrosive properties are measured by applying
the procedure mentioned in the ID 182 using persist-
ent film technique, in order to separate the com-
pounds having more than 50% metal protection
properties [11]. The Qil (Sirtika crude) and Brine
water (composed ol 9.62% NaCl, 0.305% CaCl,,
0.186% MgCl,.6H,0O and 89.89% distilled water)
were used in all the experiments. The Oil brine water
ratio was chosen 10:90 (Oil-to-Brine water) and
chemical (test compound) concentration based on the
total volume of mixture of oil and brine was chosen
1%. Xylene was used as solvent for dissolution of test
compounds. Prepolished carbon steel coupons were
used throughout the experiment as test metal. The
used coupons have available surface area equal to
13.2098 x 10~ * m? each. The procedure mentioned in
the ASTM Designation G1-88 for preparing, clean-
ing, and evaluating corrosion test specimens was
adopted in this work [12]. The anticorrosive test was
carried out at ambient temperature for 72 hours and

wheel speed was kept at 6 r.p.m. Table 3 shows the
experimental results of test compounds in percentage
protection and weight loss of the test coupons.

Anticorrosive properties of few of the mentioned
compounds and the compounds commercially avail-
able as crude oil corrosion inhibitors in the concen-
tration ranges from 10 to 100 ppm are measured in
Brine water as well as in Sea water by using standard
NACE Wheel Test method. The test conditions for all
the above experiments are given in Table 4. Sche-
matic diagram of the gas purging system and gas
blanket assembly, used in the test experiments is
illustrated in Fig. 1.

As this study was only limited to screen out the
effective anticorrosive compounds from the syn-
thesised products, the additives like surfactants, film
enhancer etc. were not incorporated with the test
compounds during the evaluation.

RESULTS AND DISCUSSION

Corrosion processes both anodic and cathodic are
described in detail in the literature [2-3].

The effect of hydrogen sulphide is thought to be
responsible for the acceleration of corrosion of iron.
But in the presence of inhibitors such as amines,
quaternary ammonium cations, thiourea, synergistic
enhancement of inhibition is observed due to interac-
tion of adsorbed HS™ ion with the adsorbed inhibi-
tor.

The mechanism of action of organic corrosion
inhibitors, depends on many factors, such as concen-
tration; the pH of the corrosive environment; the
nature of the anion of acid; the presence of other
species in the corrosive medium; the extent of reac-
tion to form secondary inhibitors and the nature of
the metal. The activity of corrosion inhibitors, with
the same functional group, may additionally vary
with factors such as the effect of the molecular struc-
ture, electron density of the functional group and the
size of the hydrocarbon portion of the molecule,
unsaturations of the molecule and presence of elec-
tron rich elements [9].

Corroding metal surfaces in acid solution are oxide
free, whereas in neutral solutions, the metal surfaces
are covered with films of oxides, hydroxides or salts
owing to reduced solubility of these species [9].
Inhibition in neutral solution is due to compounds
which can form or stabilise protective surface films.
The organic compounds containing sulphur inhibit
the corrosion of metals in acid solution perhaps by
donation of electrons from adsorbed molecules to the
metal atoms or ions.

Sulphur containing compounds are considered to
be superior in inhibition compared to nitrogen and
oxygen containing compounds, as ionisation energy
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Table 3. Effect of Synthesised Compounds on the Corrosion Properties of the Carbon

Steel Coupons

Compound code Percentage protection

Loss of wt. in g/m?*

BLANK 00.00 24,522
TH-i* 90.45 2.342
TH-ii 44.09 13.708
TH-iii* 88.78 2.751
TH-iv 40.73 14.535
TH-v* 58.14 10.264
TH-vi 21.05 19.360
TH-vii* 63.20 9.024
TH-viii* 75.84 5.924
TH-ix* 86.73 3.254
TH-x 21.62 19.220
TH-xi* 80.34 4.822
TH-xii* 87.57 3.048
TH-xiii* 64.04 8.817
TH-xiv 48.86 12.540
TH-xv* 55.90 10.815
TH-xvi 48.31 12.675
TH-xvii 44.66 13.570
TH-xviii 15.46 20.730
TH-xix* 83.88 3.953
TH-xx* 81.43 4.554
TH-xxi* 89.59 2.553
TH-xxii* 87.14 3.154
TH-xxiii 39.32 14.879
TH-xxiv* 89.18 2.653
TH-xxv* 84.69 3.754
TH-xxvi 21.06 19.357
TH-xxvii 13.75 21,150
TH-xxviii 86.33 3.352
TH-xxix* 87.14 3.154
*Compounds having percentage protection more than 50%.
Table 4. Test Conditions Used in All Performed Experiments
CO, 0,
solubi- solubi- Crude Brine Sea
lity at lity at oil water water
Temp. Time R. Temp. R. Temp. (v/v) (v/v) (v/v)
Test method °C (hrs) g/l g/l % Yo Y
Wheel test
method 25 72 1.5 0.001 10 90 —
Wheel test
method 25 72 1.5 0.001 10 — 90

of sulphur is less than oxygen and nitrogen. These
compounds attach themselves at the points which
suffer anodic attack preferentially and they form a
protective film on the metal by making co-ordinate
covalent type of linkage with the metal atoms and by
london forces. At anodic points, the inhibitor in-
creases the electron atmosphere and render more
difficult the detachment of positive metallic ions.
The inhibition of sulphur compounds is made more
effective by introducing cyclic or aromatic group into
the compounds. This not only increases the surface
area of the molecule, but makes the sulphur more
nucleophilic. The other groups which increase the
nucleophilicity of the molecule of these compounds,

when introduced into its molecules, increase the effec-
tiveness of the compounds, regarding its anticorrosive
activity. Shielding effect of organic inhibitors depends
on the position of side chain [3]. The molecules
having side chain at para position are more effective
than the molecules having substitution at ortho and
meta positions.

The effect of synthesised thioamides on the cor-
rosion properties of steel coupons is given in Table 3.
The test conditions for all the corrosion evaluation
experiments are given in Table 4. List of synthesised
compounds and their percentage composition of sul-
phur and nitrogen is given in Table 5. The solubility
data of the synthesised thioamides in benzene, xylene,
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FIG. 1. Schematic diagram of the gas purging system and gas blanketing assembly used in the test experiments.

Table 5. List of the Synthesised Compounds and their Elemental Composition

Compound Formula Percentage composition of S & N w/w
code ‘
Calculated Found
N S N S

TH-i CaHbNS 2.8 6.4 2.6 6.2
TH-ii CaHbNS 4.3 9.7 4.1 9.6
TH-iii CaHbNS 4.3 19.6 4.1 19.4
TH-iv CaHbNS 4.4 10.1 4.6 10.3
TH-v CaHbNS 44 10.2 4.3 10.1
TH-vi CaHbNS 4.8 11.0 4.7 10.9
TH-vii CaHbNS 5.0 11.5 49 11.4
TH-viii CaHbNcS 10.4 11.8 10.5 11.9
TH-ix CaHbNS 53 12.2 5.2 12.1
TH-x CaHbNS 5.3 12.2 5.2 12.1
TH-xi CaHbNcS 6.2 10.9 6.1 10.8
TH-xii CaHbNS 5.5 12.6 5.6 12.7
TH-xiii CaHbNcSO 7.9 11.1 8.0 11.3
TH-xiv CaHbNcS 16.7 12.7 16.6 [2.6
TH-xv CaHbNcS 11.2 12.8 11.1 12.6
TH-xvi CaHbNcSO 11.8 13.4 11.9 13.5
TH-xvii CaHbNcS 17.7 13.5 17.5 13.4
TH-xviii CaHbNcS 119 13.6 11.7 134
TH-xix CaHbNS 59 13.6 57 134
TH-xx CaHbNS 6.0 13.7 5.8 13.5
TH-xxi CaHbNS 6.2 14.1 6.1 14.0
TH-xxii CaHbNSO 6.3 14.5 6.3 144
TH-xxiii CaHbNS 6.3 14.5 6.2 144
TH-xxiv CaHbNS 6.4 14.6 6.2 14.4
RH-xxv CaHbNS 6.8 15.4 6.7 15.3
TH-xxvi CaHbNS 6.8 15.4 6.6 15.2
TH-xxvii CcHBbNS 6.8 15.6 6.7 15.5
TH-xxviii CaHbNS 7.6 16.9 7.4 16.8
TH-xxix CaHbNS 7.3 16.8 7.2 16.7

Note: In the above compounds the a, b and ¢ are in the following range:

a=11 to 33
b=13 to 60
¢c= 2to3
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kerosene, methanol and brine are indicated in Table
6. Heat stability data of these compounds in brine
water is given in Table 6.

Schematic diagram of the gas purging system and
gas blanketing assembly, used in the test experiments,
are illustrated in Fig. 1. Corrosion protection proper-
ties versus concentration of inhibitor, of few of the

synthesised thioamides, may be due to the presence
of effective amount of corrosion supporting organic
species along with desired inhibitor molecules, as we
have not purified our reaction products. The crude
form of synthesised compounds were used in evalu-
ation experiments to screen out the passive com-
pounds. The Comparative studies show that the

Table 6. Solubility and Stability Data of Synthesised Compounds in Common Organic Solvents and in Brine Water

Comp. Solubility in Stability in
code Cold Hot Brine
Benz. Methanol Xylene Keros. Brine 20°C 100°C
TH-i = Oike i +++ o i s i s i e St. St. St.
TH-ii +++ +++ +++ + + - —— Unst. Unst. St.
TH-iit + 4+ + +++ +++ +++ —-—— St. St. St
TH-iv +++ ++ + +++ +++ - Unst. Unst. St
TH-v e s o et e + + + + + it St. Unst. St.
TH-vi + + + P + + + + 4+ + e St. St. St.
TH-vii +++ e + + -+ +++ —-——— Unst. Unst. St.
TH-viii +++ + + + + + + —-—— St. St. St.
TH-ix + ++ +++ +++ + ++ -— = St. St. St.
TH-x + 4+ + ++ + + + + e s St. St. WPPT
TH-xi + + +++ + =+ + + _—— Unst. Unst. St.
TH-xii + + + ++ + ++ + + + + —— = St. St. St.
TH-xiii + + + + = o — e _—— St. St. St.
TH-xiv + + +++ + + + + R St. Unst. PPT
TH-xv + -+ -+ + + + + + + + - —— St. Unst. PPT
TH-xvi + + + + + + + + - Unst. Unst. PPT
TH-xvii ++ + + 4+ + + ++ - == St. St. St.
TH-xviii + + + + + 4+ + 4+ + + + -_—— St. Unst. St.
TH-xix + + + + + + +++ +++ ——— St. St. St.
TH-xxi o s i + + + s —= = e o St. St. St.
TH-xxii o ol R 2 e o o= o 4 T St St. St.
TH-xx1it i e ol it s o + + + e il il o -_— = St. St. St.
TH-xxiv +++ +++ + + + -—— St. St. PPT
TH-xxv ++ + + 4+ + ++ + - —= —-——— St. St. St.
TH-xxvi thorde + 4+ + ++ e gy St. St. St.
Th-xxvii 5 ke e G e +++ ++ + e Unst. Unst. St.
TH-xxviii +++ +++ ++ + ++ + - —— St. St. St.
TH-xxix e + + 4+ e i i s L St. St. St.
TH-xxx + 4+ + + it it I e ik e St. St. St.
Note:

+ + + = Completely soluble
+ + =Soluble with difficulty, not completely
+ = Partially soluble and partly forming susp.
— — — = Very little soluble.
St. =Stable
Unst. = Unstable
PPT = Decomposition of the compound
(Precipitation of sulphur)
WPPT = Decomposition of the compound
(White precipitate appeared)

synthesised compounds and some of the commercial-
ly available crude oil corrosion inhibitors, in the
concentration range 10 to 100 ppm, using NACE
Wheel Test method are illustrated in Figs. [2-5]
respectively. From the results it appears that syn-
thesised compounds show good inhibition when
used in low concentration, but inhibition pro-
perties decrease at higher concentration. The increase
in corrosion rate at higher concentration, in case of

synthesised compounds are good anticorrosive pre-
parations.

All the evaluation experiments are performed on
laboratory scale. The results need reevaluation re-
garding the behaviour of pure form of synthesised
thioamides under high pressure, high temperature, in
the presence of CO, and H, S as well as in the above
mentioned experimental conditions. This will enable
to choose the compounds having linear relationship
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FIG. 2. Comparison of corrosion rate of different syn-
thesized thioamides in brine water, at pH 4.5 to 4.8, in
concentration ranges from 10 to 100 ppm, by using NACE
standard wheel test method.
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FIG. 3. Comparison of corrosion rate of different syn-

thesized thioamides in sea water, at pH 4.5 to 48, in

concentration ranges from 10 to 100 ppm, by using NACE

standard wheel test method.
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FIG. 4. Comparison of percentage protection of different
commercially available amine base crude oil corrosion
inhibitors, in brine water, at pH 4.5 to 4.8, in the concen-
tration ranges from 10 to 100 ppm, by using NACE stan-
dard wheel test method.
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FIG. 5. Comparison of percentage protection of different
commercially available amine base crude oil corrosion
inhibitors, in sea water, at pH 4.5 to 4.8, in the concentra-
tion ranges from 10 to 100 ppm, by using NACE standard
wheel test method.

between the corrosion rate and their concentration.
Beside the above mentioned parameters it is also
necessary to find out the emulsion tendencies and
solubility percentage in the aqueous and oily medium
in order to locate, in case of success, the suitable oil
field application for the synthesised formulations.

CONCLUSION

In this work work series of thioamides different in
molecular weight, molecular structure and molecular
saturation, have been synthesised successfully. Their
chemical characterisation and evaluation ol anticor-
rosive properties, in crude form, are made in the
artificial environment, similar to the formation water.
Out of the synthesised compounds eighteen com-
pounds were found to have percentage protection
above fifty percent in the above specified environment.
Comparative studies regarding the corrosion protec-
tion properties, of few of the synthesised and commer-
cially available corrosion inhibitors show that the
synthesised compounds are also good anticorrosives.
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Short Note

THE EFFECTS OF HYDROGEN ON THE FRACTURE TOUGHNESS

OF STAINLESS STEEL

A.T. Hassan™
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INTRODUCTION

A duplex stainless steel UB30 and 410 martensitic
stainless steel were exposed to hydrogen using three
different methods. Cathodic charging with hydrogen
in electrochemical cell, H,S NACE solution which
consisted of 5 weight percent (w%), NaCl, 0.5w%
acetic acid, and balance of deionized water at room
temperature, and NACE solution at 50°C.

The effect of the methods on the fracture toughness
showed that cathodic charging resulted in increasing
and decreasing the fracture toughness of UB50 and
410; respectively. The H,S NACE solution at room
temperature resulted in decreasing the [racture tough-
ness ol both. Stainless steels and H,S NACE solution
at 50°C resulted in increasing and decreasing the
fracture toughness of UBS0 and 410; respectively.

EXPERIMENTAL PROCEDURE

Samples ol two materials (UB50 and 410 stainless
steel) were machined into crack growth specimen of

*Petroleumn Research Centre, P.O. Box 6431, Tripoli, G.S.P.L.AJ.
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dimensions shown in Fig. 1, [4]. The material
chemical compositions of both alloys are given
in Table 1. A fatigue precrack of length approxi-
mately 1w was placed in each sample prior to
hydrogen cracking. The fatigue parameters used were
37-40 Hz, 2 maximum tensile load around 9 KN and
a R-ratio of 0.1. The maximum load was chosen so
that it would not exceed 70% of the expected value
of Kic.

The samples were cathodically charged with
hydrogen in an electrochemical cell at constant
current of 1.6 Amp. in 0.5M H,SO,; with 1 g/ of
thiourea added as a hydrogen recombination poison
as shown in Fig. 2. Argon was bubbled through
the solution both prior to and during the charging
to remove any dissolved oxygen which might ad-
versely affect the test. The precracked fracture
toughness specimen was used as cathode and a
platinum electrode was used as the anode. Direct
current power source was connected to both elect-
rodes to provide a constant current during charging
operation. Another method of hydrogen charging
was used which is exposing samples of both steels
(UB530, 410) to a saturated H,S NACE solution
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FIG. 1

Dimensions of test specimen (CTS).

Table 1. Compositions of Alloys
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was used as the cell and the charging time was thirty
days. However, at the end of 30 days, the pH of the solu-
tion was nearly 0.30. This indicated high concentration
of H™ ions to generate H, gas throughout the entire test.
All samples were tested to determine the K¢ values
within 15 minutes [rom the time they were removed
from the electrochemical cell. A load vs strain curve
was generated for all tests. The load was measured by
the testing machine and the strain was measured from
the clip gauge attached to the sample. The clip gauge
allowed the actual strain of the sample to be measured
instead of measuring the cross head position which
would have included the strain of the test pins and
attachments. The K ¢ value was determined according
to British standard 5447. A line was drawn through the
origin of the load vs displacement plot with a slope 5%
less than the slope of the elastic region. The load where
this line intercepts the plot is called Py K is deter-
mined from Pq and the geometry of the specimen. If the
test data conform with all requirements outlined in the
standard; the K becomes the K¢ which is the fracture
toughness. If the requirements are not met then only a
Kq value can be reported. All the results obtained in
this study are K, values except one result, because in
most instances, the value of P,,,./Pq was greater than
1.10 making the test invalid for K,c determination.

Elements C Si Mn S P Cr Ni Fe Mo Cu Co
UB30 0.029 047 1.56 0.006 0016 2074 6.6 bal 24 1.4 —
AISI
410 0.13 033 04 0.006 0002 132 038 bal 003 006 002
GALVANDSTAT @ RESULTS
C AR INLET The results obtained using L.E.F.M. method and
the stated conditions as well as P,,/Pq values, pre-

Mlsk“ﬂf
1N Hp50

FIG. 2. Schematic diagram of hydrogen charging in elec-
trochemical cell.

at 50°C and room temperature. For comparison the
NACE solution was saturated by bubbling H,S gas
through the solution until the solubility limit has been
reached.

Attempts were made to keep the pH of the solution
low enough to maintain a high concentration of H*
ions near the cathode producing a high partial pressure
of H, gas near the sample. In the first test a four liter jug

cracking length (a), specimen width (w) values, Kg
and K, values are listed in Table 2.
The values are plotted against curves generated from

previous work done using H,S environments (Fig. 3).

DISCUSSION

In order to reveal the embrittling effect of hydrogen
uptake on the change of materials properties and the
possible different response of the different stainless
steels to hydrogen entry, the effects of precharging on
the fracture toughness of both steels (UB50 and 410)
was determined. All the specimens were machined
with the notch and crack parallel to the longitudinal
(rolling) direction.
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Previous curve generated
for AISI 410 using H25
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Previous curve generated
for UBS0 using H2S
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FIG. 3. Comparison of data from this study with results
obtained. Descriptions of samples are given in Table 2.

Table 2 lists all values of Ko of both stainless
steel. These values are plotted against curves from
previous study or work done using H,S environment
(Fig. 3).

The 410 martensitic stainless steel was actually
very tough in air (Ko==87 Mpa/m'/?), but its tough-
ness dropped sharply in six days after immersion in
H.S NACE solution. Further pre-charging for up to
30 days results in entirely brittle fracture behaviour of
the AISI 410 giving its K¢ of around 50 Mpa/m'/*
[1]. All the results obtained concerning 410 are Kq
values because in most instances the requirements of
BS 5447 are not satisfied making the test invalid for
K¢ determination.

The results performed on 410 samples in two
different conditions (H,S NACE solution at room
temperature and 50°C) using CT specimen correlate
very well with the previous results conducted with
H.S environment Fig, 3.

Electrochemically charging with hydrogen (410
#4) has the same effect as using a reaction with H,8
at room temperature (410 #?2) to embrittle the alloy.
Increasing the temperature while using H,S to charge
the sample had a little effect on the fracture tough-
ness; on the sample (410 # 3) exposed to H,S NACE
solution at 50°C for six days the fracture toughness
value (72 Mpa/m'/?) is below the line constructed
from that taken using an H,S environment at room
temperature, Fig. 3.

The method of hydrogen charging has relatively
little effect on the fracture toughness of 410 while the
bulk precharging of H,S had a significant precharg-
ing effect on the 410. The temperature also has an
effect on the fracture toughness of 410 in a H,S
environment.

The electrochemical charging of specimens (IB
UB50 and R UBS50) shows a small decrease and no
change in the fracture toughness respectively. The
base-line fracture toughness value of UB50 before
any environment exposure was close to the 52
Mpa/m!/? obtained in the previous study [1] Fig. 3.
This gives good indication that the electrochemical
hydrogen charging has a little if any effect on the
fracture toughness of UBS30 (specimens R UBS50,
IB UBA50). The [racture toughnes however, is reduced
after charging with H,S5 NACE solution at room
temperature (46 Mpd/m”’)

The H,S content of a saturated H,S NACE solu-
tion at 20°C is approximately 2700 ppm and at 50°C
this value dropped to 1300 ppm.

The decrease in H,S content of the solution at higher
temperature as mentioned above causes the samples
exposed to H,S NACE solution at 50°C to have a higher
fracture toughness for UBS0 as shown in Table 2.

Another explanation for this phenomenon is that
increased diffusion at higher temperature [2, 3] had a
greater effect than the lower H,S concentration.

In case of AISI 410 stainless steel, Table 2, the same
effect of temperature was observed as for UBS50, ie.
when the temperature increased the fracture tough-
ness increased.

CONCLUSION

Due to time constraints only a limited number of
the tests were performed during this study.

1. Electrochemical hydrogen charging lowers the

fracture toughness of both 410 and UBS50 stain-

less steels. The effect of the electrochemical on

AISI 410 was slightly lower than the effect obser-

ved in a previous study, but higher for UB50

than observed in a previous study.

The effect of the electrochemical hydrogen charg-

ing appears to be slightly higher than the effect of

the H,S NACE solution, for both steels (UB50

and 410).

3. The drop in fracture toughness of UB50 was
relatively small compared to the decrease ob-
served with the AIST 410 stainless steel.

4. The effect of H,S NACE solution at 50°C has a
significant effect on the fracture toughness of
both stainless steel (410 and UBS50). Increasing
the temperature, from room temperature to 50°C,
increased the fracture toughness of both steels.
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