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A STOCHASTIC MODEL FOR COMPARING PROBE
PERMEAMETER AND CORE PLUG MEASUREMENTS

Jerry L. Jensen
Patrick W. M. Corbett

Department of Petroleum Engineering
Heriot-Watt University
Edinburgh, Scotland EH14 4AS

I. INTRODUCTION

The past few years has seen a growing awareness of the influence of
small-scale (i.e., mm to dm size) heterogeneities upon reservoir behaviour.
At this scale, lamination and bedform are the prevalent geologic elements of
the reservoir. While there are often significant visual similarities (e.g.,
geometry and contrast) between the many laminae and bedforms which make
up the reservoir, the corresponding permeability contrasts are only recently
being established by detailed mapping (e.g., van Veen, 1975; Corbett and
Jensen, 1992). As shown by Kortekaas (1985), Ringrose et al. (1991),
Kelkar and Gupta (1991), and others, the impact of these permeability
heterogeneities can be to significantly impair the recovery of oil for a variety
of recovery processes.

For a given reservoir and recovery process, the impact of small-scale
variations can only be assessed once their presence is recognised and their
correlation and variability quantified. In the past, both core flooding and core
plug data have been used for these purposes. Each technique has its own
particular advantages and shortcomings. Core floods can provide flow-based
information on how the formation heterogeneity affects a process, but they are
expensive and must be undertaken on cores which represent well (i.e., at the
appropriate scale, magnitude, and structure) the variability in the reservoir. In
contrast, core plugs are less expensive and can be used to more extensively
- sample the reservoir. Consequently, core plugs have become the industry
standard method for conveying small-scale variability.

Plug data, however, require a flow model in order to translate the
observed variability into an impact on performance. Furthermore, because of
the cost and mechanics of taking core plugs, selection depths may be biased
towards the thicker, more permeable strata, giving a false impression of the
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permeability variation and its structure. For these and other reasons,
permeability data from core plugs have been found in some cases (e.g., van
Veen, 1975; Weber, 1986; Martin and Evans, 1988) to poorly capture small-
scale variability.

An alternative to core plug permeability measurements is to use the
probe (or mini) permeameter. Although not new in concept (e.g., Dykstra
and Parsons, 1950), the probe permeameter has only recently seen
widespread use to assess small-scale permeability variation. It has the
advantages of being a relatively inexpensive, non-destructive measurement
which can be made almost anywhere on the rock surface. A number of
studies (e.g., Weber et. al., 1972; Goggin et. al., 1988a; Dreyer et. al., 1990;
Corbett and Jensen, 1992) have used the probe permeameter to successfully
explore small-scale variability on outcrop surfaces as well as subsurface
cores. Similar to core plug permeabilities, probe data must be interpreted with
a flow model in order to translate variability into effect on process
performance. Probe measurements are often made under less favourable
conditions than core plugs. Factors such as residual fluids, poor seal
integrity, and non-Darcy effects can degrade the measurement. Hence, probe
measurements are not necessarily a substitute for core plug data.

So when can probe data augment or replace core plug measurements?
When does the ability to measure frequently--if less accurately--give better,
more reliable variability assessments? In this study, we propose a
measurement model which attempts to address these questions.

The model we propose and subsequently describe is a computer model
which uses the Monte Carlo method. It enables us to assess and compare
different sampling methods and strategies. The model also provides a way of
assessing the sensitivities of sampling strategies to changes in formation
features. After describing the measurement model, we investigate three
applications: correlations of permeability with wireline density data;
permeability variation; and medium-scale permeability prediction. The results

> Sampling
Model #1 I

. | Results #1
Formation Data C
Model Application ompare
—P Results #2

Sampling I
—¥  Model #2

Fig. 1. The three measurement model components being used to compare
two different sampling strategies.




are compared to observations using field data. We find that the model,
despite having some simplified features, gives results which agree with
measurements from a North Sea field. ,

II. MEASUREMENT MODEL DESCRIPTION

The model consists of three components: the formation model, the
sampling model, and the data application (Fig. 1). Together, the three
components emulate any process which collects formation data and applies
them to make some decision or estimate concerning the formation. We first
describe each component in general terms, then we discuss their
interrelationships and how they are used together. A specific example will be
presented in Section HL :

The formation model (Fig. 2) consists of a series of discrete rock
"elements" which collectively represent an interval of the formation. The
properties (thickness, lithology, porosity, permeability, etc.) are assigned
either in a deterministic or a probabilistic manner to each element. Depending
on the sophistication of the rock property assignments, any element property
may be influenced by the properties of neighboring elements. In this study,
each element has constant properties and we assume that a vertical section is
being emulated. More elaborate formation models could, for example,
incorporate variation within each element to reflect local lateral variation in
cores. For the homogeneous elements used here, the element size physically
represents a compromise between the true scale of permeability variaticn
(mm's) and the resolution (cm's) of the measurements modeled.

Element 1

Element 2

Element 1

Element n

Fig. 2. The basic discretised formation model.



The sampling model captures how the properties of the rock elements
are measured. The sampling model encompasses three features of any meas-
urement: the measurement locations, the volume of investigation, and the
measurement precision. Measurement locations depend on the measurement
being modeled. For example, core plug samples might be taken at discrete
points 30cm apart. Additional features involving location can be included,
such as skipping a measurement if the element lithology at the chosen location
is a shale. The investigation volume concerns the number of rock elements
whose properties are being measured at a given location and how that meas-
urement weights the contribution of each element. A 3cm diameter horizontal
core plug, for example, reflects the properties of only one element if the ele-
ments are Scm thick. The measurement precision dépends upon any further
disturbing influences which might be included such as statistical errors, varia-
tions in the environment (e.g., mudcake), sample treatment, or operator error.

The third component, the data application, uses the measurements
obtained from the sampling model. It emulates the way the data will be
analysed and used. For this model, we require a quantitative application
involving a well defined procedure. For example, computing the average of
permeability measurements can be easily modeled. Zonations could be more
difficult to systematise.

Together, the formation and sampling models represent the data
acquisition process. They represent both the vagaries and physics of the
formation and the data acquisition process. The sampling and formation
models produce a series of measurements, precise or otherwise, which reflect
properties of the formation and which are used in the application. The
application model is necessary because only after the application is considered
can an assessment be made of the impact of measurement errors and
imprecision on the ultimate outcome. To fully compare the performance of
two measurement techniques (Fig. 1), the measurements from both methods
need to be used in the intended application and the results compared.

By using the measurement model with the Monte Carlo method, the
merits of measurements and procedures can be explored. The Monte Carlo
method generates hundreds of "formations" using the formation model,
makes "measurements” of the formations, and uses the measurements in the
data application. The results can then be examined for sensitivities and
behaviour which reflect the appropriateness of a particular measurement
procedure and data application. Clearly, the more realistic are the formation,
sampling, and data application models, the better the results will reflect the
observed measurement behaviour. We have found, however, that even
simple models can give useful results.

III. EXAMPLE APPLICATION

The procedure to be modeled is the correlation of the wireline bulk
densities, pp, with permeability measurements. The aim of the procedure is



to develop a reliable predictor of permeability for use in uncored wells. In the
modelling, we will use both core plug and probe measurements and see which
method gives a better result. We assume that a relationship between porosity

(¢) and permeability (k) exists at the formation element scale and that core
plug measurements are "correct”. The differences in vertical investigation
between the wireline, core plug, and probe measurements are addressed. We

assess the quality of the resulting k--py, relationships using the coefficients of

correlation and the slopes of the regression lines. The role of sample spacing
is also investigated.

I

A. The Formation Model

Figure 3 shows the formation model geometry, which represent a
vertical section through a hypothetical clastic reservoir 12m thick with 3cm
elements. The section thickness was chosen to give a large number of
elements while still being computationally tractable. The reservoir is flanked
by shoulder beds of shale each over 50cm thick, so that measurements
towards the top and bottom of the section may be influenced by these
shoulder beds.

] Shalef>

? Element i=1

Element i=2

12m
Element i t 3cm

Element i=400
] Shale

Fig. 3. The formation model. Each element can be either sand or shale
except for the shoulder elements, which are shale.




For element i, 1 <i < 400, the formation model assigns lithology (1),

porosity (¢;), permeability (ki), and density (p;) values by the following
steps.

1. The lithology of either sandstone (1; = 1) or shale (}; = 0) is randomly
assigned, assuming the average amount of shale is V (%) for the
reservoir and no correlation exists between the lithologies of
neighboring elements. '

2. ¢ is assigned according to }j and lj.;. If]; = O (shale), no porosity is
defined. If]j =1 (sand) and 1;.; = 0, ¢; is assigned a random value from

a normally distributed population with mean porosity E)' and standard
deviation G [abbreviated as ;i ~ N( 6, oé)]. If 14 = li=1, then

0i= ¢ +1(i1- 0)+tiogV1 - fz, (1)

where ¢ is the correlation coefficient of porosity between adjacent
sandstone elements and t; ~ N(O, 1). Eg. (1) is a first order Markov
model (Haan, 1977, p. 294) which uses a nearest-neighbour approach
to introduce interelement correlation.

3. The permeability of each sandstone element is given by

ki= exp(adi + b + &;) md, where g; ~ N(0, 62), while the

permeability of each shale element is set at kj = 0. The exponential
relationship is used so that the sandstone permeability distribution is log

normal, i.e., In(kj) ~ N(a 5+ b, azc(% + 0‘%). €; is a "noise" element

which causes the ¢--log(k) correlation to be imperfect. It accounts, for
example, for any textural and diagenetic influences which the porosity
does not reflect, but which do affect the permeability. The values of a
and b are selected to give a realistic variation in permeability values:

—\/111(03 +1) - o2

a= )
Go

and
b=1n(250)- ¢ a, (3)

where Cy is the coefficient of variation, a common measure of
permeability heterogeneity (Lake and Jensen, 1991), and the constant
250 chosen to set the median (i.e., 50t percentile) permeability at 250
md. Eq. (2) was derived from the fact that



Cv=\/exp(a2csg + o%) -1

because the k; are log-normally distributed.
4. Element densities are either pj =2.45 g/cc for 1; = 0 or p; = 2.68(1 -

01) + 01 g/ce for 1j = 1, assuming a grain density of 2.68 g/cc and a
pore fluid density of 1.0 g/cc.

The shale shoulder beds also have permeability O and a density of 2.45 g/cc,

giving pj=2.45 g/cc and kj =0 for i<l and i>400. Thus, each element
has a permeability and a density assigned to it for the sampling models to
operate on.

B. The Measurement Models

Three sampling models are considered because three measurements are
involved. The wireline density log sampling model (Fig. 4) is described first.

Typically, wireline density data, (pp)j, are recorded every 15cm of tool travel
and the vertical investigation is about 30cm. So that, at the measurement
depth, the tool is responding to the formation densities within approximately
+15cm from that depth. We modeled this volumetric averaging as an arith-
metic average of the element densities within %5 units of the measure point:

1 j=i+5
(Pvl)i= 17 2. Pj-
11 .4
j=i-5
-5 ]
i-1 well log
i al
core plug . interv
interval ! J probe
- interval
i+1
i+5

Fig. 4. The sampling relationships of the three measurements modeled.



We did not include noise on the density log data since corruption would not
affect the core plug--probe comparison; it would simply degrade both
correlations.

The core plug sampling model was straightforward, given that the
elements are sufficiently large and sized so that a plug never has to come from
more than one element. The measurement location of the plug, however,
involves an appreciation that plugs are often not taken in shalier lithologies.
Thus, while plug sampling points have a nominal spacing of 30cm (10
clements) that spacing may vary if a plug point lands on a shale. In this
model of measurement location, if the 30cm plug point fell on a shale element,
the program searched for the nearest sandstone element and, provided that it
was within 6cm, the permeability of that sandstone element was assigned to
the plug. The measure point which was ascribed to the plug was not
changed, however. If the program could find no sandstone element within
6cm of the plug point, the plug was assigned a 0 md permeability. Hence, the
core plug permeability at location i, (kp); = kj where i-2 <j<i+2. This
model of core plug permeability measurement is somewhat idealised but,
since we are using core plugs as the "standard", we only need to be careful
about how we characterise the probe permeameter measurements in
comparison with core plug measurements.

The probe sampling model consisted of a measurement taken every
element, i.e., every 3cm. The probe measurement at location i, (kg )i,

included a multiplicative noise component 8;: (km)j = ki * exp(8;), where &;
~N(0, 0.35). This model is based on Fig. 5, a comparison of core plug and
probe permeameter measurements for Rannoch Formation samples. For each
plug, four probe measurements were made on each end, giving eight probe
data per plug value.

In(kprobe)

In(k plug)

Fig. 5. Core plug--probe permeability relationship. Each plug
has eight probe measurements.



The "noise" factor, 0, includes surface preparation, invasion, surface
roughness, and sample heterogeneity effects as they existed for the samples
measured. Since this model comes from a laboratory one-to-one comparison
of core plug and probe measurements, it accounts for all differences observed
between core plug and probe permeabilities taken on the same rock sample,
including the differences in resolution. It does not, however, compensate for
differences in measurement when different samples are used. For example,
core plug permeability measurements are usually made on cleaned rock,
whereas probe measurements are often made on uncleaned samples (e.g.,
Corbett and Jensen, 1992). A separate factor may need to be included if this

were the case. Another element which can significantly change 6 is the pore
structure of the rock. Figure 8 of Goggin et al. (1988), obtained using their
probe permeameter on a number of sandstone plugs, gives a surprisingly
similar model to the one for the probe we have used (Jensen, 1990). Goggin
(1991), however, shows a much larger variability with probe measurements
and carbonate plugs. - :

The final part of the probe sampling model includes a running average
~ (arithmetic average) taken of every pth probe measurement (p =1, 2, 5, or
10) to form a permeability "log" with approximately the same measurement
resolution as that of the wireline density log (Fig. 4). The permeability log
measure point was taken to be the centre of the 11-element span of the
running average: : S : :

(10)i = Ty (k)i + Kmdiosp + v+ (ki)

C. The Data Application

The data application, correlation of density log data with permeability
measurements, conceptually results in the production of two plots for each

formation generated: py, versus log(kp) and pp, versus log(kiog). Each plot
has 40 points on it, corresponding to the 40 depths (i.e., every 30 cm) at
which core plug, permeability log, and density log data were calculated.
Because the Monte Carlo process generates many realisations of the
formation, we chose to analyse two statistics from each plot rather than try to
study individually the many correlations generated. The statistics chosen
were the coefficient of correlation, r, and the slope of the least-square

regression line, m. The coefficients of correlation obtained from the py
versus log(kp) and pp versus log(kjog) correlations are termed rp and riog,

respectively. Similarly, the slopes of the regression lines (i.e., log(k) on pp)
are myp and myog. '
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D. Model Results

Table I gives the results for the case of V = 10% shale and 1y = 0.95.

All results for the simulations, mp, Migg, Ips Tlog, and I1eg+Tp are listed in
terms of their median (50%) values (rather than arithimetic averages) for the
500 iterations performed per case. The slope inter-quartile ranges (i.e., the
differences between the 75% and 25% points) are listed in brackets to indicate
the variability of the results over all the simulations. Expressing the results in
quartiles (i.e., the 25, 50, and 75% points) has two advantages over the
arithmetic average and standard deviation. Firstly, median. values are
invariant under monotonic transformations so that the median values of other
- statistics (e.g., the coefficient of determination, R2) are simply related to the
median values of the statistics listed. Secondly, for robustness since we did
not analyse the results from each realisation. That is, one or two wild results
could substantially influence the average or standard deviation, whereas the
quartiles would not budge. See, for example, Lewis and Orav (1989, Ch. 6)
for a discussion of robust estimators.

The values of rp in Table I are realistic for py--log(kp) correlations. The
pu--log(kiog) relation shows a stronger linear element (as measured by r) than

the pb-—log(kp) correlation. The coefficients of correlation have a weak
sensitivity to Cy. The median 11og+1p increases with Cy. This behaviour
reflects the fact that, as Cy increases, the relative influence of the measurement

corruption, 9, diminishes. Increasing o degrades the strength of both
relationships; rp is more sensitive to Og than rjog and, hence, the ratio rjgg+rp
usually increases as Gg increases.

Table I. Measurement Model Regression and Correlation Performance for the
Bulk Density--Permeability Application. Variabilities are in parenthesis.

Gy Og -a+1.68 mMp Migg Ip Tlog Tiog*Tp
0.50 0.10 -5.50 -6.36(0.95) -6.01(0.84) -0.84 -0.87 1.04
. 0.25 -477 -5.42(1.22) -5270.97) -0.73 -0.82 1.12
0.40 -2.99 -3.46(1.62) -3.31(0.96) -0.45 -0.64 1.40
1.00 0.10 -9.84 -11.1(1.44) -10.4 (0.94) -0.85 -0.93 1.10
0.25 -945 -10.8 (1.93) -9.99 (1.05) -0.82 -0.92 1.12
0.40 -8.69 -9.96 (2.07) -9.26 (1.13) -0.76 -0.90 1.18
1.50 0.10 -129 -14.7 (2.05) -13.5(1.30) -0.85 -0.93 1.09
025 -12.6 -14.4(2.22) -13.2(1.20) -0.84 -0.93 1.11
0.40 -12.0 -13.9(2.57) -12.7 (1.54) -0.80 -0.92 1.15




The value -a+1.68, also listed on Table I, represents the slope one might

expect for the pp--log(k) plots because this is the slope of the pp--log(k)
relation for the sandstone elements. Neither the core plug nor the permeability
log plots consistently give this slope, although the probe data come closest. If
the measurement model for the core plugs had not had the shale avoidance
scheme, mp would be significantly altered from the listed values. Both myp
and myog are about equally affected by Cy. The variability of mp is always

greater than the variability of mjog. O does not appear to exert a substantial
effect upon either my or myeg for the two higher Cy cases.
The porosity--log permeability relationship for the sandstone elements is

linear in this model. The pp--log(k) correlations, however, may not
necessarily reflect that relationship because of several corrupting factors: the

noise &; the density log response is a combination of the porosity of several
elements; and shales, which have a different density-permeability relationship,
are also present. Two other factors for the permeability "log" which may

impair correlation are the noise d on the probe measurements and the
nonlinear behaviour of the logarithmic function. Hence, r may not be 1 for
either correlation. . :

- Figure 6 is a plot of the median of rjqg+Tp versus p for the case V=0.1,

Cy = 0.75 and o¢ = 0.25. The median ratio declines rapidly when fewer
samples are used to produce the permeability log. The steepness of the
decline suggests that, for this application, closely spaced samples quickly lose
their utility as the spacing increases.

1.2
1 Cv=0.75
1.1 1 V=01

1.0 1

0.9 7

rlog+rp

0.8 1

0.7
] . o)
0.6 T T y T T T T
0 10 20 30 40
Spacing (cm)

Fig. 6. Degradation of the median probe-based correlation as sample spacing
increases.
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Thus, the model results suggest that probe data, suitably averaged, may
perform as well or better than core plug data for correlations with wireline
density measurements. Since no measurement errors were included in the
core plug permeability measurement model, we can expect the model results
to be on the conservative side. The two measurement methods, as modeled,
do not produce exactly the same product. kjog represents the permeability of
the total formation, shale as well as sand. kp, on the other hand, pertains only
to the sand if the shale avoidance scheme always finds sand within two
elements of the intended sampling depth. Depending on the needs of the user,
probe measurements show promise for providing a more reliable predictor of
formation permeability for uncored wells.

E. Comparsion of Model Results and Field Measurements

The preceding results were compared to those obtained from measure-
ments taken on Rannoch Formation core taken from the Statfjord Field. The
Rannoch is a very laminated micaceous, fine-grained sandstone whose perm-
eability variation is predominantly controlled by the amount of mica. The
laminae thicknesses are highly variable, ranging from a few mm to a few cm.
The study of Corbett and Jensen (1992), however, suggests that some form-
ation parameters can be estimated without sampling every laminae. Thus, it
seems likely that the measurement model, having 3cm element thickness, can
still give results which are useful for comparison with Rannoch data.

The permeabilities of two four-meter intervals of Rannoch slabbed core
were measured at lcm spacing along four lines with the Statoil probe
permeameter. Core plug porosity and permeability data were also available on
30cm spacing. See Corbett and Jensen (1992) for further details of the
sampling program. ‘
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Fig. 7. Rannoch Formation core plug porosity--permeability correlation.



At the core plug scale, the porosity-permeability relation was very
strong (Fig. 7). After depth adjustment, the density-core plug permeability
association was also good (Fig. 8 left). The probe data were averaged similar
to the previously described model prior to correlating with the wireline
density. At each core plug depth, 30 probe measurements (i.e., 15 lcm
measurements above and below the plug depth) were averaged to obtain a
"permeability log". Figure 8 (right) shows the resulting correlation with the
bulk density. The cloud of data about the least-squares regression line is

clearly reduced and the influence of the high density point (pp = 2.36g/cc) is

diminished for the latter plot. The slope of the line is also slightly reduced;.

indicating that the probe-based predictor would give smaller predictions. This
reflects the fact that, in these intervals, the core plugs missed some of the low
permeability regions (Corbett and Jensen, 1992). The variability of the
correlation strengths with sample spacing was also examined. for both
permeablhty measurements ,

3.0 3.0
2.5- EYe m
- = 2.5 -
e b = E
S I
&2 2.0 g 2.0
&b i = .
< o0
= 1.5 S 1.5
y =14.19 - 5.38x RA2=0.63 T y=13.42-504x RA2 =075
1-0 T ] ¥ 1 L) 1.0 L3 1] L] ] L]
C2.1 2.2 2.3 2.4 2.1 2.2 2.3 2.4
Wireline density (gm/cc) Wireline density (gm/cc)

Fig. 8. Density--permeability relations for the idealised plug and averaged
probe data.
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Figure 9 shows the degradation of RZ with sample density. The median
decline is surprisingly low as the probe spacing increases. The variability of
probe-based results, however, increases substantially. :

Figure 10 shows the median ratio Tlog+TIplug Versus spacing for the
model and field data. The parameter values chosen for the model (i.e., Cy,

¢, etc.) closely duplicated the actual formation and probe figures. The value
of ry = 0.95 was based on correlograms of core plug porosity giving a first-
lag (30cm) correlation of about 0.6, so that at 3cm, the correlation is (0.6)01
=0.95. The shale percentage, V = 0, was chosen because no permeability
measurement was less than 2mD. While the short spacing results are close,
the longer spacing model results are more pessimistic than the field
performance. This discrepancy could be caused by a too simplistic porosity
correlation model, an insufficiently discretised formation model, or assuming
perfect plug measurements. The match at the extremes could have been
improved by increasing ry to 0.96 or 0.97, but we had no justification for the
change. In all, the similarity of results is very encouraging and suggests that
the model is capturing the important features of this data application.
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Fig. 9. Decline in correlation and increase in variability for Rannoch data
with increasing sample spacing.



IV. FURTHER MEASUREMENT MODEL APPLICATIONS

We now consider two other applications of the model: prediction of
average permeability and quantitative estimates of permeability variability.
Again, we investigate the precision and relative vanablhty of estimates derived
from probe and core plug measurements.

A. Predicting Average Permeability

During the scaling-up process of reservoir properties, small-scale
permeability measurements are used to predict the aggregate permeability of
portions of the reservoir. The arithmetic or harmonic averages are often used
to combine small-scale measurements to reflect bed-parallel or bed-transverse
flow, respectively. The behaviour of both core plug and probe data for both
averages were examined using the model previously described. We did not
examine the merits of either average to represent the bulk permeability in this
study.

The formation model consisted of a sand-only (V = 0) formation with
uncorrelated, 3cm thick elements of 250 md median permeability. The core
plug sampling model, as in the previous application, was an uncorrupted
permeability measurement, (kp);, every 10 elements (30cm). The probe
measurement model differed from the previous application in that no
permeability "log" was produced; only the probe data (ky,); were used.

1.2
1.1- O Data
1 @ . + Model
&0 1.0
= ]
o
? 0.9 + o
% l
- 081 +
0.7 1
0.6 T T T T~ T T T
0 10 20 30 40

Spacing (cm)

Fig. 10. Comparison of model and Rannoch Formation results
for four sample spacings.
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The true harmonic and arithmetic means of the formation, (ky)y and
(kp)a, are given by

(kn=exp(-309 | (4)
and (ka = exp(L +20?) - (4b)

where In(k) ~ N(u, 62), as previously described in Step 3 of the formation

model. V (kpa(kpn is also the median permeability of the formation (250 md)
as determined by Eq. (3). From Egs. (2) and (4) it follows that

‘<1<th=exp‘{ u-g[masch]'} (52)

and (ka=exp { p + 15[111(-1‘+ Cf,)]z}.(S_b)‘ |

The data applications were the harmonic and arithmetic averages of the
core plug ((kp)n and (kp)a) and probe data ((km)h and (km)a):

n -1 .
(k0h ={1; > [(kx)i]-l} (6a)
i=1
and  (kx)a ={% > (kx)i}a (6b)
i=1

where x=p or m and the summations are over n = 400 data for the probe or n
= 40 data for the core plug measurements.

Table IT. Model results for harmonic and arithmetic permeability averages.

Cy  (kon ( E-p)h ( kmh (kpa ( IEp)a ( km)a

0.50 224 225 (*18) 197 (£7) 280 280 (+21) 316 (+12)
1.00 177 181 (£28) 157 (£10) 354 353 (£59) 401 (£26)
1.50 139 147 (#32) 124 (£11) 451 451 (£103) 513 (46)



The model is examining the competing effects of a few precise samples
(ideal core plug data) and many less precise samples (probe data). Table II,
which shows the averages for 500 iterations along with the standard
deviations in parenthesis, indicates two distinct differences in behaviour for
estimates based on the two sampling methods. First, the increased number of
measurements reduces the variability of the estimates for all cases. The probe
averages have about one-half to one-third the plug variabilities. Only for the
two higher Cy cases, however, does the plug variability exceed 15% of the
true average value. Second, the probe averages are biased compared to the
plug averages at all heterogeneity levels. The probe harmonic averages are
about 12% low and the arithmetic averages are about 12% too large. This
level of bias is still probably acceptable for most reservoir description
purposes. ‘

- Figure 11 shows model results for (ky)p variability (in md) as the
sample distance increases. For these results, n = 130 elements were used to
permit comparison with Rannoch Formation data from one of the four-meter
intervals. The satisfactory match suggests that the model is emulating the
sampling behaviour well.

Consequently, the model results suggest that, to estimate the aggregate
permeability of a region using the harmonic average, the corrupted probe
measurements can give consistently better results than the few, idealised plug
measurements. However, when the arithmetic average is to be used, more
careful selection may be required, depending upon the formation
heterogeneity. Considering the errors of actual plug measurements, the
previous constraints on probe utility could probably be relaxed somewhat.
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B. Estimation of Permeability Variation

Formation heterogeneity can be assessed in a vanety of ways. For thlS
study, we chose CV as the measure to be estimated:

LD [ e - (ea]”
i=1

(Cﬁ)est = (kx)a > (7)

where x = p or m. Eq. 7 is the standard deviation divided by the arithmetic
average. The model was used to give average values and standard deviations
of (Cy)eg; for various Cy for the two measurement methods.

The model results (Fig. 12) indicated that the variability of (C )est was

sirrular to that of (Cv)est for all heterogeneity levels. The model results,

however, show that the estimated values differed significantly'for the two

sampling methods. The variability of the probe measurement (8) appears as a
formation with a heterogeneity of about Cy = 0.6 which, when combined with
the intrinsic formation variation for Cy = 0.5, produces a formation withan

apparent Cy = 0.8. This result agrees with theory that uncorrelated variations
add according to the variances:

2 2 2
Grneasurement + 0‘formation = Ototal
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8 Cv (probe)

~_ * Cv(plug)
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2 21
«
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0 T Y
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Fig. 12. Comparison of averaged heterogeneity estimates based on probe and
idealised plug measurements.



where ¢ = In(1 + C%). The effect, however, diminishes rapidly for

. . . 2 1.2
formations with Cy > 1, since 6_ o oo <5 Op o mation®

At these higher Cy

levels, the insufficient sampling of the plugs becomes evident.

Hence, statistical heterogeneity assessments on relatively homogeneous
sediments may not benefit by taking many, less precise measurements instead
of a few precise measurements. The advantages gained using one method
instead of another will depend on the errors associated with each measurement
along with the intrinsic formation variability to be quantified. For very
heterogeneous (Cy > 1) materials, the probe measurement is preferred because
of the Iow cost and non-destructive benefits; for homogeneous materials (Cy
< 0.5) plugs, being more accurate and because few samples are required, are
to be preferred; and for heterogeneous materials (0.5 < Cy < 1.0) both
measurements have their merits. Spacing of the required number of samples
(e.g., see Corbett and Jensen, 1991) will determine which method is to be
preferred. For example, in an aeolian sandstone described by Weber (1987),
the crossbed sets are clearly laminated and heterogeneous (Cy ~ 1.5). Hence,
probe assessment of heterogeneity in this case is appropriate and may be
usefully used with correlations (e.g., Kelkar and Gupta, 1991) to predict the
recovery performance of this facies.

V. FURTHER COMMENTS

The general approach of measurement modelling used here builds on the
concepts of Jensen (1990). The model components, however, have been
improved and the results tested against field data. The model shows that
having many more data does not always bring advantages. .

More sophisticated models for plugs (e.g., noise and systematic errors),
formation (e.g., greater variety and correlation of lithologies and lateral
permeability variations) and probe (e.g., residual fluids and core damage) can
be developed. These can be used to investigate systematic differences
between plug and probe performance. Differences between plugs and probe
measurement are to be expected in all comparative studies. This model
highlights differences that are due solely to the statistics of sampling and
provides a means of quantifying them. Hence, comparisons of measurements
with this knowledge will shed light on the reservoir significance of
differences. 4

The harmonic average was investigated here because of its relevance to
bed-series flow and, hence, vertical permeability estimation. Our experience
shows that low permeability laminae that are present in many reservoirs are
below the resolution of many probes (i.e., < 5Smm) when horizontal
measurements are taken on slabbed surfaces. This model can be used to
explore how the distribution of these laminae affects both vertical plugs and
horizontal probe measurements, leading to a better understanding of the
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meaning and performance of the harmonic average as an estimator of vertical
permeability.

VI. CONCLUSIONS

We have proposed a measurement model which permits examination of
sampling schemes and comparison of measurement methods. We used the
measurement model for three different formation evaluation purposes and
found that it gave results in agreement with field measurements. The model
results showed that more data than the usual one-foot (30cm) sampling
schemes may achieve significantly improved formation permeability
estimates. The benefits, however, depend on the measurement type and the
data application.

The model, when used to compare probe permeameter and idealised
core plug measurements for correlations with the wireline bulk density log, .
showed that:

1. Averaged probe measurements can give stronger correlations than core
plugs.
2. The probe--bulk density relationship degrades as fewer probe
measurements are made.
3. The degradation behaviour of the model is slightly pessimistic compared
to field data
Estimation of the harmonic and arithmetic average permeability generally
benefitted from the more frequent probe measurements. Probe-based
estimates showed lower variability but more bias than estimates from idealised
plug data. Heterogeneity estimates (Cy) are positively biased at low
heterogenelty levels (Cy <0.5) but give equal or better performance at higher
levels (Cy 2 1). The model gives clear guidance on the appropriateness of
plug and probe measurements and their respective sampling schemes.
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PERMEABILITY HETEROGENEITIES
OF CLASTIC DIAGENESIS

By Thomas L. Dunn and Ronald C. Surdam

Department of Geology & Geophysics
University of Wyoming
Laramie, Wyoming 82071

ABSTRACT

Within clastic sediments post-depositional processes (e.g., infiltration, compaction
and chemical diagenesis) produce and alter permeability heterogeneity and anisotropy on a
range of scales from microscopic fabrics, through bedding and laminations, up to basin
wide features. Diagenetic alterations have been shown to be complexly but
systematically related to the burial and thermal histories of the sediments. Cementation
patterns alter the dimensions of depositionally-related macroscopic features. The recently
recognized need for dimensional data on reservoir heterogeneity related to depositional
systems has renewed emphasis on outcrop studies. Because the burial histories and
diagenetic alterations of subsurface reservoirs and their outcropping depositional analogs
may be. significantly different, it is important to understand what changes in clastic
reservoir heterogeneity can be attributed solely to post-depositional processes.

Sandstone reservoirs from deltaic, eolian and fluvial settings were examined to
ascertain the impact post-depositional processes have on heterogeneity. Within these
environments, permeability distributions change systematically with diagenesis. Intervals
marked by extensive cementation and alteration are characterized by positively skewed log
permeability distributions. Intervals characterized by small amounts of cementation or
those which have undergone extensive intergranular cement dissolution show negatively
skewed log permeability distributions.

Within the fluvial sandstones, variations of 0.10 to 0.15 in the Dykstra-Parsons
coefficient of permeability heterogeneity can be attributed to diagenetic events related to
meteoric invasion and uplift. Similar variations can be ascribed to the presence of
infiltrated materials. Compactional processes are observed to decrease heterogeneity where

their effects can be isolated.
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RESERVOIR HETEROGENEITIES, VALLEY-FILL SANDSTONE
RESERVOIRS, SOUTHWEST STOCKHOLM FIELD, KANSAS

. Roderick W. Tillman
Consulting Sedimentologist/Stratigrapher
; Tu]sa, OkTahoma

Fdward D. Pittman
Consulting Petrologist
Tulsa, Oklahoma

ABSTRACT

Valley-fill heterogenous reservoirs in the Morrowan
(Pennsylvanian) age Stateline Trend along the Kansas-
Colorado border produce from the Stockholm Sandstone.
Analysis of Southwest Stockholm field valley-fill reser-
voirs has verified that they are internally complex, con-
tain geographically and vertically limited reservoirs and
can only be effectively drained if the internal reservoir
architecture of the reservoirs 1is understood. Development
of detailed geologic models for river, tidal and other
shoreline-filled valley-fill reservoirs in the Morrow are
expected to enhance results of reservoir simulation, secon-
dary recovery and possible tertiary production. Only by
including the Tlocation and degree of impermeability of
barriers to flow at the margins of and within the valley-
fi1l reservoirs can historical simulation modeling and
secondary processes yield satisfactory economic results.

"~ The valleys in which the reservoirs occur were cut by
rivers during drops in sea level and remained as conduits
(narrow open valleys trending perpendicular to the regional
shoreline). At a later time, as sea level rose, the valleys
were filled from the landward side by rivers or from the
seaward side by shoreline processes or alternately by both
processes.

Detailed geologic analysis of cores from the field com-
bined with cross sections and isopach and structure maps
yield details of reservoir heterogeneity. Reservoir pro-
duction properties vary greatly between the two major pro-
ducing facies, river and tidal (estuarine) valley-fill
sandstones in Southwest Stockholm field, Kansas. Within the
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approximately 150-ft thick valley-fill vertical sequence,
Just one of the three sandstones produces. Topo-

graphic highs on the valley bottom, covering an area as
large as 1/2 section, reduce the depositional thickness of
the reservoir sandstones. Impermeable limestones and shales
commonly form lateral barriers to flow at valley margins and
Tocally within the valleys. Erosion of portions of poten-
tially productive sandstones within the valleys was found
to be important in isolating reservoirs (flow units).

Tidally deposited (estuarine) sands are finer grained
and are more clay prone than the river sandstones and as a
result have poorer reservoir properties. River deposits
have average porosities of 16% (range from 11 to 20%) and
average permeabilities of 700 md (range from 129-1890 md).
Tidal channel sandstones have average porosities of 14%
(range from 11 to 17%) and permeabilities of 80 md {range 50
to 111 md). Where tidal sandstones interfinger with river
sandstones, vertical permeability is diminished and flow
units are fragmented.

Valley-fill deposits in Southwest Stockholm field differ
from deltaic deposits geologically, geometrically and in the
distribution of heterogeneities. Overbank and fine-grained
levee deposits are absent at the margins of valley-fill
deposits. ‘

~Secondary, post burial events affected the production
characteristics of the reservoirs. The post depositional
events, which affected the reservoirs, were significantly
different in some of the seven geological facies. Where
millimeter thick shale lenses were deposited within tidally
deposited sands, pressure solution of quartz in contact with
the clay has reduced porosity. Up to half of the porosity in
Southwest Stockholm field may be leached (secondary) porosity.

Reservoir characteristics are relatively similar within
units interpreted to be the same geologic facies and signifi-
cantly different among different geologic facies. Although
other types of sandstones were vertically or laterally "con-
nected" to the better reservoir facies, perforated intervals
were commonly limited to valley-filling river sandstones in
Southwest Stockholm field. Understanding the differences in
heterogeneity between river and shoreline fills of valleys,
such as those studied herein, allows proper economic evalua-
tion and more efficient reservoir management of these unique
types of reservoirs.



I. INTRODUCTION

One of the most important relatively small sandstone
reservoirs being explored for and developed today are valley-
fill sandstone reservoirs. Because of their relatively small
size (1/2 x 4 miles), poorly understood origins and difficult
to predict occurrences, valley-fill reservoirs have not always
been an important type of drilling prospect. However, in the
last few years it has become a very important type of pros-
pect and some valley-fill reservoirs are undergoing secondary

. production. Because of the absence of adequate geologic
reservoir descriptions, valley-fill reservoirs have, in the
past, commonly not been differentiated from deltaic and river
channel sandstones. Because there are significant differences
in the distribution of reservoir seals and internal hetero-
geneities in valley-fill reservoirs, compared to deltaic and
river channel reservoirs, different patterns of production
will occur within individual fields and pools from these
distinctly different geologic environments. . .

A sequence of depositional events is involved in forming
valley-fill reservoirs. The initial step in forming most, if
not all, valley-fill reservoirs requires a sea Tevel drop
(Suter and Berryhill, 1985; Hine and Snyder, 1985). When sea
Tevel drops, the shoreline moves seaward and rivers draining
the area cut down into underlying sediments at a rate and to
a depth controlled by the drop in sea Tevel. The rivers ini-
tially cut down to form an open valley, mostly devoid of
sediment (Fig. 1). In the initial phases of valley formation
the river sediment is moved seaward bypassing the valley. As
long as sea level is relatively low, 1ittle sediment will be

VALLEY CUT /LOWERED SEA LEVEL

SEA LEVEL

Fig. 1 - Valley cut into sediment during sea level drop. At
this time the valley is an open conduit in which no sediment
is accumulating. (from Farmer, 1981)



deposited in the valley conduit, however, with rise in sea
Tevel several processes may cause deposition of sediment in
coastal areas in the previously cut valley.

Rising sea Tevel causes the rivers flowing in the valley
to aggrade (begin to deposit sediment) a short distance
upstream from the ocean and the formerly open channel will
begin to fill with sand. Aggradation occurs when a stream is
supplied with more sediment load than it can transport. Dur-
ing periods of river high water, overbank flooding may deposit
clayey deposits in adjacent swamps, marshes and in in the pre-
viously cut valley (Fig. 2). Because the valleys open into
the ocean, marine shoreline processes may fill the seaward
ends of the valleys. When the sea floods a valley it is
designated as an estuary. Because the mouths of the valleys
are commonly several miles wide, normal shoreline processes
may partially fill the mouth of the estuary. Where an embayed
shoreline is present, in a direction away from the ocean,
shoreline wave and current processes give way to tidal
sandstone depositional processes in lagoons and in the most
landward portions, to river deposition. A vertical sequence
of intertonguing discrete fluvial, tidal and shoreline sand-
stones may be preserved within the valley or estuary with
rise in sea level. The complete vertical sequence of poten-
tial reservoir facies may not be preserved because erosion
by currents 1in the river may remove portions of the sand
deposited in the valley. Another important process in the:
shoreline area of the valley is the destructive erosional
process resulting from the landward movement of the sea
(transgression). The landward movement of the sea commonly

VALLEY FILL

T, T \
2 /'. /::;..r‘_‘a':' ,“;?»4 J :’IWVVi
s/ AW o g["()v
v ¥ v {d efme !

v /‘ ¥y
v v "_.'/'}/,*, vV

SEA LEVEL

Fig. 2 - Valley fill during period of sea Tlevel rise. Valley
is filled with river (potential sandstone reservoir) and
swamp and marsh deposits (non-reservoir). Fill may be a mix-
ture of marine (below sea level) and non-marine river deposits.
(from Farmer, 1981)



" forms a ravinement surfaces which removes most or all of
the beach and barrier island sands along the shoreline. The
ravinement process (Stamp, 1921; Vail, et al., 1977) "“scoops
down into" and erodes the underlying beds. The destruction
of potential reservoirs by the ravinement process is asso-
ciated with the breaking of fairweather waves, and especially
storm waves and currents on the shore during periods of ris-
ing sea level. As the sea moves slowly over the land, much
of the sand at the shoreline is carried seaward and the pre-
viously deposited potential shoreline reservoir sandstones
may be destroyed. This ravinement process 1is believed to
erode only to a finite depth (possibly less than 30') and
all sediment below this depth (including significant thick-
nesses of valley-fill sands) will be preserved. Near the
most seaward location of the shoreline formed during the
maximum sea level drop some valley-fills may be relatively
straight, whereas many landward areas may be characterized
by meandering valley-fill patterns as observed in Southwest
Stockholm field (Fig. 3). .

Because valley-fill reservoir sandstones occur in deeply
cut incisions in the shoreline areas on the edges of conti-
nents, the preservation potential of the sandstones during
periods of rising sea Tlevel is significantly greater than
many other shallow marine and shoreline sandstones. Barrier
island and beach sandstone reservoirs commonly are removed
by the erosional ravinement process, which occurs during ris-
ing sea level, whereas the valley-fill, which extends below
the ravinement surface, is preserved.
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Fig. 3 - Valley-fill sandstone reservoir in Southwest Stockholm
field. Valley may be filled entirely with sandstone or parti-
ally with 1limestone and/or shale as observed in Southwest
Stockholm field, Kansas. (from Shumard, 1991)



The sandstones, which form the valley-fill reservoirs in
Southwest Stockholm field, are geologically characterized as
estuaries (flooded river mouths), marine shoreline sandstones
and river channel sandstones. The geometry and reservoir
characteristics of each of these types of sandstones is dif-
ferent. Where these three types of sandstone locally inter-
finger, complex barriers to flow may occur among them. Prior
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Fig. 4 - Location of 20 mile Tlong "Stateline Trend" Morrow
Sandstone fields, which produce from valley~-fill sandstone
reservoirs. Southwest Stockholm field, Kansas, is located

in G;ee]ey.and Wallace counties, Kansas. (Shumard and Avis,
1990). ,



to this study, the significance of the barriers to flow
between these different types of sandstone has not been
determined, nor has quantitative documentation been obtained
to determine flow units.

IT. SOUTHWEST STOCKHOLM FIELD

A_very active play involving exploration and development
of valley-fill reservoirs has been underway for the last few
years in the Morrow Sandstone in "Stateline Trend" of south-
eastern Colorado and westernmost Kansas (Sonnenberg, 1985;
Sonnenberg et al., 1990;: Weimer, et al., 1988; Krystinik,
1989a, b; Krystinik et al., 1990; Blakeney, et al., 1990).
One of the more productive valley-fill fields in the trend
is Southwest Stockholm field (Fig. 4), which was discovered
in 1979 and was the subject of our study. The field has 87
wells and has produced over 5.5 million barrels of oil from
the estimated 42 million barrels in place. The field has
been interpreted by Shumard (1989) and Brown et al. (1990)
and confirmed by the authors to consist of valley-fill fluvial
and estuarine (tidal) sandstones. The composite valley-fills
in the field range up to 150' in thickness in the StockhoIm
valley. The major producing reservoir in the field is the
Stockholm Sandstone, which is commonly from 15-30' thick.
Core porosity averages 17% (range-10-22%) whereas permeability
averages 400 md (range 50-4600 md) (Shumard, 1989; Brown, et
al., 1990). The field covers approximately 2000 acres and
ranges from 1/4 to 1/2 mile wide and is six miles long. The
"Stateline Trend", which includes Southwest Stockholm field,
also includes within it's snakelike geometry at least three
other fields including Second Wind, Frontera and Arapahoe
(Fig. 4). 011 1in place along the "Stateline Trend" is esti-
mated by Brown, et al. (1990) to be approximately 170 million
barrels. These other valley-fill fields have similar but
probably slightly different production characteristics than
Southwest Stockholm field.

Along the "Stateline Trend", which extends in a north-
south direction on both sides of the border of Kansas and
Colorado, are Morrowan Age valley-fill reservoirs, which
occur in sinuous valleys that were cut into marine limestones,
shales and sandstones during periods when sea level was rela-
tively low. When sea level rose, reservoir sandstones and
non-reservoir shales and Timestones were deposited within the
valleys. Some of the sandstones now are reservoirs, others
have relatively poor producing characteristics and form imped-
iments to fluid flow. A type log developed by Shumard and



Avis (1990) for the field shows the vertical sequence of
lithologies and the characteristics typical of the formations
(Fig. 5).
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In 1990, several geologic models were proposed for valley-
fill deposition in areas such as Southwest Stockholm field.
The model proposed by Wheeler, et al. (1990; Fig. 6) for
Morrow valley-fill deposits appears to be apppropriate for at
least portions of Southwest Stockholm field.

SCHEMATIC, MORROW VALLEY FILL DEPOSITS

ESTUARY/BAY MUDS
ESTUARINE SANDSTONE
FLUVIAL SANDSTONE
FLUVIAL LAG

MARINE MUDS

" OLDER SEQUENCE

FLOODING SURFACE INCISED VALLEY

(SEQUENCE BOUNDARY)

Fig. 6 - Schematic of valley-fill deposits formed in portions
of Southwest Stockholm field, Kansas. Incised valley cut into
older sequence of rocks is filled initially by coarse river
deposits (fluvial 1lag). Finer grained productive reservoir
river (fluvial) sandstones fill medial portions of valley
prior to relative sea level rise into valley. As sea level
rises, estuary- and bay-deposited sandstones are locally depos-
ited above and seaward of river sands. As sea level rises
still further, the estuary becomes muddier and estuarine mud
blankets and seals the reservoir sandstones. With further
rise in relative sea level, marine muds blanket valleys and
intervalley areas. (Modified from Wheeler, et al., 1990).

Fig. 5 - Type Tog for Southwest Stockholm field. Geographic
Tocation shown on Figure 9 (Well No. 124). Note that three
potentially productive sandstones are present in Morrow inter-
val. At Southwest Stockholm field, Basal Morrow Sandstone is
non-productive as - is the Lower Morrow Limestone. The Basa]

Morrow Sandstone is limited in distribution by valley walls.
The Stockholm and Johannes “valley-fill sandstones are both
productive in Southwest Stockholm field. The base of the
Morrow is a regional unconformity, which in most areas forms
the bottom of the valley that is filled with numerous litholo-
gies including sandstone, Tlimestone and shale. Significant
relief on the unconformity at the base of the Stockholm

Sandstone is limited for the most part to the width of the
valley(s).



TEXAS QIL AND GAS, EVANS 2E :
MORROW SANDSTONE, SHALE AND LIMESTONE p. 1 of 2
SW STOCKHOLM FIELD, NW SE Sec. 11 T16S R43W, Greeley Co., KS

2]
ag Descrihed by: R, W, Tfllman 10/3/90
o o Q 11,5.6.5. Core Hn, B637
o °\‘,’13 = fored Interval: 5158.0-5199.0' {41')
o @ tcu - Core to log correction -2.0°
BH oW g8 . @
Eh e Es o o
N5 > (=] Z cC
o LTI ITITTITocC x
BN TONODO0S o = O
Core LEGgEcOUBRIRA GY c £
Depths VBV BB TITTILURDO 2 +
—_— LI O I A A A D R e B OO B |
7] 19 °.0.2" '5156.0-5156.2'  ‘Sandstone {very coarse,
1500 microns, maximum size 5000 microns
poorly sorted, very angular grains}.
Entirely pyrite cemented. MARINE STORM
SANDSTONE (90%). I1]
18 5.8' ‘5156.2-5162.0' Silty shale (95%, 5% mica)
and 5% sandstone (commonty deformed, 125
. microns, 2% glauconite}. MARINE SHALE(S0%).

17 1.0' 5162.0-5163.0' Interhedded sandstone (A0,
! 125-200 microns, poor to moderately well
sorted), 90% massive appearing, 5% 1 rmm
B — 3 shale drapas. . Rase of unit a Flooding
Surface. SURTINAL RAR (65%). I1C

16 1.5' 5163,0-5164.5' Sandstone {400 microns,
poorly sorted)}, Mo glauconite, trace of
carbonaceous si1t at tnp, Massive (50%)
to low-angle laminated (25%). Top of unit
a Flooding Surface. FLUVIAL CHANNEL SAND-
STONE (80X). 1A B

'

5150 15 0.3' 5164,5-5164.8" Sandstone {25{t microns
very poorly sorted}., Trace of g\aucun{te.
Intarlaminated 1-2 mm shale drapes, da-
formed slightly, Rippled (50%) to sub-

. horfzontal {50%7), TINAL RAR (M%), 1IC

14 0.5' 5164.8-5165,3' Sandstone (35N-500 micrans,
poorly sorted}. Mo glauvconite. S0% massive,
50% cross-laminated. locally 1-2 mm thick

shale drapes near top.
56.0'

56.2' 13 0.2' 5165,3-5165.5' Sandstone (125-350 microns,

moderately ta poorly sorted). O0x ripples,
trace to 2% glavconite, 5% 1 mm thick shale
drapes. TINAL (RO%) CHANNEL R BAR. {Ip

12 3.8 5165.5-5169.3" Sandstone (35N-500 microns,
very poor sorting). No glauconite, gener-
ally plapar-tahuiar cross-laminated {80%),
10t Tow-angle laminated, tpper font con
tains 2% mm thick shale drapes, some
deformed, Vuggy porosity commnn. FLMVIAL
CHANNEL SANDSTONE {95%}. IA -

5160 ———
18 60.3"

62.0'
62.5'
£1.0'

1 0.7' 5169,3-5170,0' Interbedded sandstone {100-
150 microns, moderate sorting) and silty
shale (micaceous). Shale sanwiched betwean
sandstone, Shale drapes {n sandstone.
Rase of Flooding Surface. SURTINAL MARINE
SHALE AND SANDSTONE {g5%).

64.5°
f4.R'
65.3'
65.5°

10 3.6' 5170,0~5173.6' Sandstone (600 microns,
poorly sorted) cross-laminated (9n%),
trace of carhonaceous material, locally
trace of glauconite, near hase trace of
shale lenses. FLIWIAL CHANNEL (90%).1A

5170 q 0.2' 5173.6-5173.B' Sandstone (125-175 microns,

moderately poor sorting, ahundant coarse
501-1000 micron grains) trace to 5% glaw-
conite, 5% 0.5-1 mm shale drapes, Base
disconformahie, JInAL {907} FLAT OR RAR.IIC

8 1.8' 5173.8-5175.6" Sandstone (300-700 microns,
poorly sorted), Trace carbonaceous material,
trace 0.5 mm shale drapes, locally. Ne
glauconite, no fossils. Rase disconformahla,
FLUVIAL CHANNEL (95%). 1A

Fig. 7A - Geologic core description, Morrow Sandstone,
Southwest Stockholm field portion of "Stateline Trend". For



A. Macroheterogeneities

In order to determine the distribution of reservoir
boundaries and the distribution of macroheterogeneities asso-
ciated with the valley-fill reservoir at Southwest Stockholm
field, all the available cores within the field were described
and geologically interpreted (Figs. 7A, 7B, 8A, 8B). The
Tog suite for the cored wells were qualitatively calibrated
to the core interpretation; log shape, gamma ray and resitiv-
ity readings were used to extend the geologic facies observed
in core to nearby non-cored wells. Two cross sections were
constructed, which included the cored wells. Portions of
these cross sections are included as figures.

: The Morrowan geologic section at Southwest Stockholm
field is complex, as may be observed in the type Tog (Fig.
5). Three Morrowan sandstone units within the valley-fil1l
are potential reservoirs. The Stockholm Sandstone is the
major. producing unit in Southwest Stockholm field. A-second
producing sandstone is the "Johannes Sandstone", which pro-
duces locally. The Basal Morrow Sandstone is non-productive
within the borders of the field (Fig. 9).

The base of the valley from which Southwest Stockholm
field produces is marked by a major unconformity at the top
of the Mississippian limestones (Fig. 5). A significant
thickness of Mississippian 1imestones was probably - removed
during the period of valley cutting prior to deposition of
the Basal Morrow Sandstone. The Basal Morrow Sandstone is
Timited in distribution within the valley and may have been
removed from portions of the northeast area of the field by
a second period of erosion. Following erosion(?) of the Basal
Morrow Sandstone a siginificant rise in sea level occurred
and a "blanket" of marine lime sediment was deposited within
the valley and in areas outside the valley. A third sea
Tevel drop occurred (top of Lower Morrow Limestone, Fig.
5) and much of the limestone was eroded within the area of
the valley, forming a valley within a valley,

In this valley within a valley the highly productive
Stockholm Sandstone was deposited. The Stockholm Sandstone

geographic location refer to Well 131 on Figure 9 base map .
Reservoir 1is composed primarily of coarse-grained fluvial
(river) deposited sandstones (Units 6, 8, 10, 12). Interbed-
ded on 1-5' scale are thin (0.2-0.7' thick) finer grained and
more clayey tidally deposited sandstones. These finer grained

units impede vertical flow in the reservoir at and near this
well.
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TEXAS OIL AND GAS, EVANS 2E
MORROW SANDSTONE, SHALE AND LIMESTONE p .2 of 2
SW STOCKHOLM FIELD, NW SE Sec. 11 T16S R43W, Greeley Co., KS

-Shaley Sandstone
- (100p)
- (125p)
- (150p)
-(175Y)
- (200p)
- (250)
Sandstone

Unit No.
Thickness

-Siltstone (<62p)
- (300p)

-Sandy Shale
- Conglomeratic

(=)
Q
-3
o
2 -Shale
2 -Silty Shale

o
~

5175.6-5176.3' Sandstone {150 microns,

?
poorly sorted), 5% glauconite, 5% black
shale as 1-? mm drapes on ripples. Rela-
tively unconformahle hase and top. TIDAL
(90%) FLAT NR TIDAL BAR (85%). IIC

6 2.0 §176,3-4178.3' Sandstone (350-B00 microns,
poorly sorted). Non-glauconite, non-
fossilifereous, CGross-laminated through-
out{?).  Slightly argillaceous at base.
Sharp upper contact {gradatfonal through
<N.1'). Rase unconformable. FLIUVIAL
CHANNEL ; SEQUENCE BOUNDARY.TA

4,9 §178,3-5183.2' Llimestone, micritic with
abundant small abratded fossfl fragments.
Med{um gray color (sVightly ardullaceons(?),
Nense muddy appearing. TYop 6 fewer fos-
sils (5%) and 5% em_thick shale laminae.
Sharp upper unconformahle contact, SHELF
LIMESTANE,

83.2*
84.8"
8s.4'

86.2"

1.6' 5183,2-5184,8" Slightly argillaceous Time-
stone, Packstone and wackestone. !ipper
0,3’ vuggy hlosparite. At RS’ biowacke-
stone. tocally shale Tamfnze. 5% glau-
conite, SHELF LIMESTONE (90%},

87.5' -
RA.5'

a9.g
s190'

L7 §184.8-51R7.5' Mixture of three 1itho-
Togles: {1} 51R5.4-518A.2' argilTaceous
micrite with shaley lenses ({greenish);
fncludes clasts(?) of deformed Iimestone;
(?) waxy light green shale with 10% glau-
conite.” folor may he due to chlorite?

ucaH_Y sandy {10%}. Locally 1-5% fossils
crinoids, hryozoa). Uniform 1ithology.
(3) Nark gray silty shale with 15% glau
conite and 20% rip-up-clasts {limey sande
stone, shale, small,l Fnsslls and sandstone;
all glauconftic, 5-10%. This interval of
core poorly preserved so that relationship
of 1itholigies 2 and 3 is unclear, Inter-
val includes one or two{?) unconformities
with associated “soil” zones, SHELF LIME-
STONE (90%) WITH SURAERIAL *Si

175757

1.0' S1R87.5-5188.5' Shale hlack, silty (20%+),
1Nt glauconite, 2% mica, no fossils, flinf-
form appearance throughout. MARINE SHALE
{90%).

18 0.5* 51AA.5-51R3.N" Argillaceons limestone,
medium gray, 25%+ mm thick clay laminae
and lenses. Slightly fossiliferons. ‘ipper
contact may he gradational. ARRILLAGENNS
SHELF{7)} LIMESTONE (75%).

1A 10' 5189.0-5199.0! Limestone. tpper Nn.5°
slightly argillaceous ¢2 micritic wacke-
stone. Interval from 51B9-5191.R', ahun-
dant vuggy porosity, packstone to graine
stone. [Interval from 5591.8-5194.3' very
stylolitic. Wackestone to packstone.
Fauna includes crinoids, corals, hrachin-
gods. hryozpans, millusca and foraminifera,
glow §5197.3' more argillaceous and darker
in color {wackestone}. lipper contact
apparently relatively sharp, Llower contact

- of unit not cored. TRANSGRESSIVE SHELF

LIMESTORE (801),

[Fig. 7B - Part 2 of 2]



is variable vertically and horizontally. The most accurate
analysis of the heterogeneities within the reservoirs were
determined by detailed geologic (sedimentologic) description
and interpretation on a unit-by-unit basis of the four cores

available from the field. Geologic maps were constructed and
the production characteristics of each of the units were
determined and compared with other similar and dissimilar
geologic units. Heterogeneities recognized in core descrip-
tions were compared to Tog parameters in the same and adja-
cent wells and cross sections, and geologic and production
maps were completed. As may be observed in the type Tog
(Fig. 5) and subsequently described cross sections, the major
reservoir boundary seals for the Stockholm sandstones are
dense non-porous cabonates below and locally lateral to the
sandstone and an overlying marine shale. Within the reser-
voir a significant number of macroheterogeneites are recog-
nized which either inhibit or prevent fluid flow.

1. Discussion of TX0 Evans 2E Core

The cored interval in the TXO Evans 2E well (well number
131, Fig. 9) includes, below the reservoir, approximately 21'
of non-reservoir Lower Morrow Limestone and, above the reser-
voir, 7' of non-permeable marine shales. Details of these
units are described in Figure 7.

The Stockholm Sandstone in Figure 7 consists of porous
and permeable medium- to coarse-grained (0.3-0.7 mm mean
diameter) river-deposited standstone with thin interbeds of
thin, presumably Tlaterally persistent, tidally deposited,
slightly shaley and glauconitic sandstones with relatively
poorer reservoir characteritics.

In this core the internal features of the river-deposited
(fluvial) sandstones are primarily steeply inclined cross
laminations (Units 6, 8, 10 and 12). The bases of the river
deposits are sharp and the tops are either eroded (Units 6,
8 and 10) or reworked (Unit 12). The interbedded tidal- to
marine-deposited units (7, 9, and 11) are much finer grained,
(0.1-0.15 mm mean diameter) and contain lenses and beds of
clay including trace amounts of the greenish mineral glaucon-
ite, which is believed to form primarily on shallow marine
shelfs from chemical alteration of fecal pellets. As discus-
sed in more detail under microheterogeneities, the thin shale
laminae, in addition to being partial barriers to flow within
the sandstone, cause significant secondary pore-filling imme-
diately adjacent to the Taminae. Where any combination of
impediments to flow occurs (tidally deposited fine-grained
sands, shales layers or relatively abundant clayey laminae)
in this well, the Stockholm Sandstone has poor vertical flow

13
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g
- .
3 o :
g - o Described by: R. W. Tillman 10/7/90
4] k=] ‘a @ : and 1/7/81
owmYc g2 Cored interval: §142.5202' (60')
- o a5 "0 Core stored at USGS, Denver é@590)
E(D o Eses 8 Core to log correction = +6.
7 - | - & S -
o F2oITIFTIITIToC x
WA TODNODNOODEcg~= UL
Core CEG=LONBNQMAGNE &
Depths MOWV VT TZTUR 20 3 =
5140 L2 R R N N RO N R | ‘l t
42,0 — ——-—- 17 1.1'+ 5§142.0-5143.15' Shale, dark gray.
53_2: 178 0.05' 5143.15-5143.2' Coal, black vertically frac-

tured, 1-2 om thick laminae.

- MARINE SHALE (70m).

44,2 I 174 1.0' 5143.2-4144.2' Shale, dark gray.

 — - 16 10.0' 5144.2-5154.2' Shale, greenish grav, 5%
5150 —— N slickensided. ESTUARINE SHALE {90%).

54,2

———— coL i . 5 . 15 4.3 515!.2-?155.5' Sandstone (100%, 200-3%7
- S . . microns }, massive appearing throughout.
_/.// ] . FLUVIAL CHANNEL FILL (B0%).1A

N : IR / 14 1.4'  5158,5-5159.9' Sandstone (I0DL, 400~500 mic-
58.5 NI M) " rons). 1N0% planar-tabular cross-laminated.
M AR FLUVIAL CHANNEL FILL {50%}.1A

59,9_f~
5160~

13 3.0' 5159.9-5162.9' Sandstone (991, 200 microns).
951-horizontally to subhorizontally lamfnated.
Trace af clay drapes as 1 mn lamina in upper
foot. Trace of carbonaceous gratns. Trace
of glauconite, HIGH FLOW REGIME: FLUVIAL
REHORKING OF TID .IB

62,9

63.9

12 1.0" 5162.9-5163.9° Sandstone (100%, 175 microns).
_.Low to moderate angle planar laminated. Trace
of glaucenite. Trace of 0.5 mm thick lenses -
parallel to lamlnation. Base of unit truncates
Mgher angle cross-lamination of unit below.
TINAL ESTUARINE SANDSTONE (90%). I1A1l

64.5

11 0.6' 5163.9-5164.5' Sandstone (98%, 200-300 microns,
maximum size 350 microns, roderately well sorted).
In 311 ways 1ike unit below except much coarser

gralned, REWORKED {BY TIDES) FLUVIAL INCURSION
INTO TIDAL «1IB

10 13.6' 5164.5-5178.2' Sandstone {98%, 175 microns) high
- angle {to moderate angle) crosslaminated (B0%).
. Alternating very planar steeply dipplng (30%)
laminae with s1ightly shaley (2-5%, <1 mm drapes).

. v Hoderate angle dipping laminae (551). Shale
‘ ‘ drapes deposite? fron usgenslun (tidale).,
Trace of spall {1x3 nm? shale clasts ?69.5 ).
B \“ Some shale drapes are ripples an laminae {73.0',
151}, Locally up to 5% glauconite {A4.4'), B5%
. " ‘w ripples with thin clay drapes. TIBALLY DOMI-
.. ' HATED ESTUARINE SAMDSTONE (B5%).TTA1

5170 —

(|

78.2 ey -
—— 90 1.6' 5178.2-5179.8' Sandstone {92%, 150 microns, maxi-
79.8 -—__ mum orain size 250 microns, moderate snrtln?).
° —~ S 5% clay, 4% drapes on ripples on moderate dipping
5180 - planar laminae, trace of clasts (rip-ups of

drapes). B0% ripples. 10% ripples on moderate
angle planar laminae {upper 0.3'}, 10% massive
appearing. ESTUARTNE SAND (LOW ENERGY) (90%}.11AZ

Fig. 8B - Geologic core description and interpretations, Morrow
Sandstone, "Stateline Trend", Southwest Stockholm field. For




TEXAS OIL & GAS A#6 GARRISON

MORROW SANDSTONE

W SW Sec. 12 T16S R43W, GREELEY €0., KS

P. 2 of 2

5179.8'-5181.0" Sandstone {98%, 150 microns, 175
microns ripples, maximum grain size 250 microns,
moderate sorting). 5I ripples. 95% massive
appearing. . Abundant mica on 2% clay laminaa.
Most of clay laminze on large ripples B0.5".
ESTUARINE SAND (90%).1IAl

5181.0-5182.0" Sandstone (150 microns, maximum
grains 250 microns, moderate sorting). 1003
moderate angle planar tabular. Clay essentially
absent. TIDAL CURRENT DEPOSITED SANDSTONE. !if

5182.0-5182.2° Sandstone {95%t, 150 microns, 200
microns maximum grain size, moderately well
sorted). 5% <1 mm thick lenticular clay drapes
on ripples. 100% ripples. TIDAL SANDSTONE {90%X).!If

5182,2-5182.7' Shaley sandstone {90%, 100 microns,
maximym graln size 150 microns, moderately well
sorted). 100% ri?pled. inctuding 20% climbing
ripples. 10% shale, primarily as drape on
ripples. Top 0.1° very clayey with small scale
deformation features. TIDAL SANDSTONE (95%).1IF

5182.7-9181.9" Mudstone, silty to sandy. fne
0.1" thick interval with 50T sand as ripples
{10% sand, 307 silt overall). Hudstone sub-
horizontally Jaminated. Lecally pyritic.
POMDEN TIDAL CREEX (75%). ITE

5183.9-5184.4' Interlaminated sandstone {60%,

75 microns, maximun size 100 microns}. 40T
nudstone as drapes on ripples and as horizontal
laninae. 60% rippled. Locally pyritic.
Ron-burrowad. Mot high in mica. TIDAL FLAT{?).IiC

5184.4-5185.0' Muddy {10%) laminated sandstone
(90%, 125 microns, maximum grain size 800 microns,
moderately poorly sorted), 70t herizontally
Taminated, 20X massive appearing, 10% ripples
with nud drapes {top 0.1'), Trace of mudstaone
rip-up-clasts (hase} and trace of sandstone rip-
up~-clasts (near top). Basal contact transitional
through N.1' down to 5185.1'. Highly cenented.
TIDAL "CHANNEL" SANDSTONE {70%). 11D

5185.0-5191.7" Sandstone {90%, 350-500 microns,
maxirun grain size 1000 microns, very poorly
sorted), clay filled porosity throughout(?).
Massive appearing. Hints of cross Tamination
(90%). 10% rippled; interlaninated mudstone {4%)
and sandstone (61, 150 microns), 5186.3-5186.5'
and 5188.0-5198.6'. (5188.5-5188.6' very fine
grajned). 8ase of unit unconformable. TIDALLY
REMOPKED FLUVIAL SAND and TIDAL SANDSTONE
MUNSTORE and «IIR

5191,7-5193.0" Argillacious limestone. CLla
thoroughly dispersed, giving limestone a darl
gray color. MARINE LIMESTONE (95%).

5193.0-5193.7" Clayey limestone. Abundant lenses
af green clay in argillaceous limestone. Probably
represents subsrial exposure.

5193,7-5195.1" Stightly arglllaceous 1imestone.

51?5.1—5197:1' Claysy limestone. Abundant lenses
of green clay In argillacecus limestone. May
represent a subarial exposure surface.

5197.1-519A.8"' Slightly clayey limestone, with
St clay drapes (now stylolitized).
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[Fig. 8A - Part 1 of 2]

geographic Tocation refer to Well 128 on Figure 9 base map .
Reservoir is composed primarily of tidally deposited sandstones

(Units 7-12).

Perforated interval 5160-5170"' (Tog depth), 5154-

5164" (core depth). This well is included in cross section in

Figure 11.

River-deposited Units are 13-15.
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characteristics since the river deposited reservoir sand-
stones are separated every 2 to 4 feet vertically by thin

(0.2-1.0" thick) tidal sandstones and shales. These thin

barriers to flow are only barely perceptible on the Tog of
the Evan 2E (Fig. 10) but are identifiable in the core.

2. Discussion of TX0 Garrison A6 Core

The core through the Stockholm Sandstone in TX0 A6
Garrison is quite different from that encountered in the
TXO Evans 2E. In the A6 Garrison, a 30' complex sequence of
tidally deposited estuarine and possibly shallow marine
sandstones are overlain by 8-10 feet of river-deposited

sandstone. Nonproductive Lower Morrow limestones occur below
the reservoir and 10' of greenish gray estuarine shale is

TABLE 1
SANDSTONE FACIES STOCKHOLM SANDSTONE
SOUTHWEST STOCKHOLM FIELD
I. RiVer (Fluvial) Sandstones

A. Channel Fill
B. Reworked Tidal Sands

IT. Tidally Deposited Sandstones
| A. Estuary Channels
1) Sandstone Fill
2) Low Energy Fill
B. Fluvial Channel Sands Rerrked by Tides
C. Tidal Bar or Tidal Flat
D. Tidal Channels
E.  Ponded Tidal Creek Fill

F. Tidal Sandstone

III. Marine Shelf Sandstones
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immediately above the reservoir (Fig. 8). These estuarine
shales are overlain sharply by dark-gray marine shales.
These shales mark a significant "flooding surface".

Only the river sandstone is perforated in this well and
it yielded an initial flow of 326 BOPD (compared to .an inital
flow of only 115 BOPD in the highly interbedded tidal and
riverine TXO Evans 2E well). As shown in a portion of cross
section Y-Y' (Fig. 11) this well is in a relatively thin por-
tion of the river-deposited sands. As was the case in the
TX0 Evans 2E, the tidally deposited sandstones-are generally
much finer grained (0.1-0.18 mm mean size) than the river
sandstones. Table I 1ists the various sandstone facies that
occur in the Stockholm - Sandstone. Virtually all of the
facies listed in Table I occur in the cored interval in the
TXO A6 Garrison. -As will be discussed in a subsequent sec-
tion, sparse porosity and permeability data available for
this well (Table II) indicates that the permeabilites and
K/@ ratios are significantly - different for river and
tidally deposited sandstones. o

TABLE II

RESERVOIR PARAMETERS FOR INDIVIDUAL SAMPLES,
S.W. STOCKHOLM FIELD, STOCKHOLM SANDSTONE*

GEOLOGIC
R K 35
WELL 8%1% DEgémP%%t) (ﬁd) (%) 7R m
TX0 Garrison A-6
15 5155 1400 19.5 71.8  29.3
14 5159.5 140 12.4 11.3  11.2
Mean, River Sandstones 725 16.0 45.3 12.7
10 5169 111 15.5 7.2 8.1
9C 5181 80 15.3 5.2 6.7
Mean, Tidal Sandstones 95.56 15.4 6.2 7.4
TX0 White AB-1
8 5174 1890  20.6 92.2 33.5
8 5185 432 16.0 27.0 17.4
8 5187 316 17.9 17.7 13.2
Mean, River Sandstones 879 18.2 45,6 25.8
TX0 Bergquist 2 River
/B 5115.5 129 11.7 11.0 11.2
7A 5113 50 12.3 4.1 6.2
4 5121.5 84 14.1 6.0 7.4
4 5122.5 83 17.8 4.7 6.0
2 5125 77 11.5 6.7 8.4
Mean, Tidal Sandstones 73.5 13.9° 5.4 7.0

* Raw data from.Core Laboratory Inc. Report File 203-87028
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3. Discussion of TX0 Bergquist No. 2 Core

Twenty-eight feet of Well No. 60 (Fig. 9, TXO Bergquist
No. 2) was cored and a geologic description and interpreta-
tion of the core was made. The core penetrated the upper
two-thirds of the Stockholm Sandstone. Tidally deposited
sandstones predominate in the lower 9' of the core. In the
u?per portion of the sandstone, fluvial (river) sandstones
alternate with tidally deposited and/or reworked estuarine
sandstones. Limited porosity and permeability data (Table
ITI) suggest that in this well, as well as in others where
porosity and permeability data were available, the river
sandstones have better productive characteristics (g =
14%, K = 74 md). The Tower values of permeability in the
tidal sandstones are in part due to the presence of thin
clay drapes and laminae within the sandstone. The whole

Stockholm Sandstone was perforated in this well so the con-
tribution to hydrocarbon production of tidal vs river depos-
ited sandstone is not immediately determinable.

4. Southwest Stockholm Maps

Two isopach maps were among those constructed for the
Southwest Stockholm field area using input supplied by the
principal investigator to a Scientific Computer Application
(SCA) mapping program. The maps are (1) Stockholm Sandstone,
Net Sand Isopach, (2) Lower Morrow Limestone, Isopach Map.
These maps are similar to, but less interpretive than, those
by Shumard and Avis, 1990, and Shumard (in press, AAPG).

A top of Morrow structure map (Fig. 4, Shumard and Avis,
1990) indicates that a crescent-shaped structural low extends
from Sec. 11, T16S, R43W to Sec. 29, T15S, R42W (Fig. 9). As

TABLE III

RESERVOIR PARAMETERS FOR GEOLOGIC FACIES
SOUTHWEST STOCKHOLM FIELD

K 0 K/@ R35
River Sandstones {md) (%) m
Mean 703 16.3 39.8 19.0
Range 129-1890 11.7-20.6 11.0-92.2 11.2-33.5
Tidal Sandstones |
Mean 80.8 14.4 5.6 7.1

Range 50-111 11.5-17.8  4.1-7.2  6.0-8.4
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can be observed when compared with the Stockholm Sandstone

Net Sand Isopach Map (Fig. 12), this crescent shaped area is
the area of thickest Stockholm Sandstone reservoir sands.
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Fig. 9 - Base map, outlining borders of Southwest Stockholm
field, Kansas. Location of stratigraphic cross sections X-X',
Y-Y' and W-W' 1is indicated. - Cored wells described in this
study are indicated by circles. Type log well (Fig. 5) is
indicated by a triangle. A list of all numbered wells on this
map is available from the senior author.
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The Stockholm Sandstone is a lenticular sandstone in
Southwest Stockholm field (Fig. 12). The thickness patterns
are somewhat irreqgular and reflect the affects of both the
bottom topography on the floor of the valley immediately
prior to deposition of the sandstone and to the macrohetero-
geneities and microheterogeneities within the sandstone. As
would be expected, the sandstone thickens away from the edges
of the valley.

The thicker net sand intervals (30') tend to be near the
center of the valley where the valley is relatively wide.
It is only in the area just south of the boundary between
T15S and T16S that the maximum thickness 1is skewed to one
side of the channel (Fig. 12). At this location, an area
approximately 1/2 x 1 mile 1in dimension contains no net
Stockholm sand.

The Lower Morrow Limestone Isopach Map (Fig. 13) indicates
that the absence of sand in the westernmost part of Sec. 11
(Fig. 12) was due to the presence of a 40-60' thick “plateau"
of remnant (non-eroded) limestone (Fig. 13). Because the
valley was by river erosion into more or Tless uniformly
resistant rocks during Towstand of the sea, a roughly equal
cross section area for the valley was probably maintained
all along the length of the field during maximum stream flow.
In order to maintain a roughly equivalent cross section, the
channel within the valley eroded deeper in the narrower areas.
A shallow and narrow channel was also cut west of the "Time-
stone plateau” (Figs. 13 and 14). Reactivation of basement

faulting in Sec. 11, T16S, R43W prior to filling of the

valley (Brown et at., 1990; Fig. 2) may have been responsible

for what appears to be anomalous narrowing of the sand trend

~in the south part of the field near the Colorado-Kansas
border.

The "Johannes Sandstone" (Fig. 5) is a thin discontinuous
sandstone, which 1is separated from the underlying Stockholm
Sandstone by estuarine and marine shales. No cores were
available from the "Johannes Sandstone" so the environment

of deposition was not determined. Isopach mapping of the .

gross sand thickness of the "Johannes" sandstones suggests
that a portion of the "limestone plateau" in the west half of

 Fig. 10 - Gamma Ray Density Log showing interpreted heterogen-
eities affecting fluid flow. Erosional unconformities occur at
base of Basal Morrow Sandstone and at base of Stockholm Sand-
stone. Thin fine-grained, more clayey tidally deposited mar-
ine(?) sands are interbedded with river sands in the Stockholm
Sandstone in this well and form impedements to vertical flow at

this location.
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Sec. 11, T16S, R43W was still a deterent to sand deposition
as late as "Johannes time" because no "Johannes Sandstone"
occurs in an area of approximately 1/8 section. Rather than
being a more or less continuous reservoir over portions of
the field, as suggested by Shumard and Avis (1990), our work
indicates that the  "Johannes" s subdivided into at Teast
four geographically separated pods or lenses, which were pro-
bably depositionally separate. Only a small portion of the
"Johannes Sandstone" calculates as “productive (Shumard and
Avis, 1990).

The non-productive Lower Morrow Limestone was deposited
between the Basal Morrow Sandstone and the Stockholm Sand-
stone (Fig. 5). The Lower Morrow Limestone isopach map
(Fig. 13) shows areas of thinning within the valley compared
to a thickness of 60 to 80' outside the valley. Thinning of
the limestone within the valley resulted from (1) deposition
over relatively thick areas of Lower Morrow Sandstone, and
(2) erosion of the upper portions of the Lower Morrow Lime-
stone within _the valley prior to deposition of the Stockholm
Sandstone. In some area of the field (S 1/2 Sec. 6, T16S,
R42W) the limestone was completely removed. The thickest
valley limestones (87') occur in the area of the "Timestone
plateau”, an area of Tittle or no erosion of the 1imestone
(Fig. 14). In the south-central portion of the field,
where the underlying Basal Morrow Sandstone is thickest, the
Lower Morrow Limestone thickness was controlled primarily
by the relief on the pre-limestone depositional surfaces
within the valley (i.e., between wells 129 and 130, Fig.
11). Where the valley was already filled by 50' or more of

Fig. 11 - This figure along with Figure 15 are portions of strat-
igraphic cross section Y-Y' (not included in paper). Location
of the cross section is indicated on Figure 9. Note lenticular-
ity of sandstone facies identified in three cored wells (128,
130, 131). Erosional unconformities occur at base of Basal
Morrow Sandstone and at base of Stockholm Sandstone. Perforated
intervals are primarily in river-deposited sand 9intervals.
Estuarine sands (cross bedded, clayey, fine grained) form much
of the sandstone in Well 130. High clay content, etc. of
tidal flat sandstones cause this facies to be marginal to non-
reservoir. Sharp Tateral change between marine and tidal flat
sandstones occurs between wells 129 and 130. Note also that
river apparently cut down through previously deposited estuarine
sandstones between wells 129 and 130 and that river sandstones
were deposited in the cut down. The reason for non-productivity
of well No. 130 is not known as it contains reservoir quality
sandstone.
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Basal Morrow Sandstone, less of the thickness of the valley
remained to be filled by Timestone. The Basal Morrow Sand-

“R43W R42W

R41W

w

COLORADO

r15S
*T16S

%
SEaN
N

CHEYENNE CoO.
GREELEY CO

Tt

FEET O 2840
== .

'S" ? CONTOUR INTERVAL 10 FEET

RATW R43W R43W RAZW
] i .

Fig. 12 - Stockholm Sandstone, Net Sand Isopach Map, Southwest
Stockholm field, Kansas. Note Tenticularity and sharp boundary
of sand body, which is constrained laterally by edges of eroded
valleys. Note also that maximum sand thickness (60') occurs
in a narrow portion of channel adjacent to the hachered area
where no sand was deposited due to relief (40-60') of underly-
ing Lower Morrow Limestone (Sec. 6, T16S, R42W, Kansas). Thick-
nesses are posted for individual wells.
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stone is generally limited to the valley and thins abruptly
at the edge of the valley (Fig. 15).
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Fig. 13 - Lower Morrow Limestone Isopach Map, Southwest

Stockholm field, Kansas. Refer to Fig. 11 for stratigraphic
Tocation. Thinning of Timestone is Timited primarily to the
width of the valley. The limestone deposited during a perijod
of relatively high sea level and was partially eroded during a
subsequent drop in sea Tevel. Thicknesses are posted for indi-
vidual wells.
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Fig. 14 - Relief in area of Southwest Stockholm field valley
following erosion of Lower Morrow Limestone. Upon this
irregular surface the Stockholm Sandstone was deposited.

In order to understand the reservoir geometry of the
field, a series of cross sections were constructed. The
Tocations of three of these cross sections (W-W', X-X',

Y-Y') are shown in Figure 9. A summary version of W-W' (Fig.
16) was published by Brown et al. (1990) along with a seismic
section paralleling the stratigraphic 1log section. This
cross section shows the relief on the surface of the Lower
Morrow Limestone which was filled by the Stockholm Sandstone
and at Teast locally by shale that preceded Stockholm Sand-
stone deposition. The thickening of the valley is very
obvious in the seismic section in Figure 16. This section
also contains one of the described and interpreted cores (TX0
Bergquist No. 2). o

In the 80 miles along the Colorado-Kansas border, where
Lower Morrow Sandstones produce from valley-fills, at least
seven unconformities occur on which valley-fills have been
mapped (Fig. 17). FEach of these unconformities separates
valley-fills from underlying marine and estuarine shales and/
or carbonates.

Fig. 15 - A portion of the western end of stratigraphic cross
section Y-Y' (not included in paper). Erosional unconformities
occur at base of Basal Morrow Sandstone and at base of Stockholm
Sandstone. The Basal Morrow Sandstone pinches out abruptly
against the northwest side of valley between wells 110 and 122.
Following deposition of the Basal Morrow Sandstone, minor ero-
sion (cut down) occured at the top of the sandstone at location
of well 122 prior to deposition of the Lower Morrow Limestone.
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SCHEMATIC REGIONAL CROSS SECTION OF THE.
MORROW FORMATION ALONG “STATELINE TREND"

NORTH SOUTH

UPPER A Z55
MORROW] ==

LOWER
MORROWy~=

DISTANCE =~ 80 MILES

Fig. 17 - Schematic regional cross section of the Morrow Forma-
tion along the "Stateline Trend" of the Kansas-Colorado border.
A subaerial unconformity is interpreted to separate each of
the valley-fills from the underlying marine shales and/or
carbonates. The unconformities observed 1in the Southwest
Stockholm field and to the north are numbered from the base to
top, 1 through 7.

5. Discussion of Stratigraphic Cross Section X-X'

Stratigraphic cross section X-X' was constructed across
the northern part of the field using gamma-ray-density logs.
A portion of the cross section is shown in Figure 18. Due
to confinement of the valley walls, the Stockholm Sandstone
is essentially absent northwest of Well No. 64 and to the
east of Well No. 60 (Fig. 12). As described above, the
Stockholm Sandstone in this part of the field consists pri-
marily of tidal estuarine sandstones in the Tlower portion
and interbedded river and tidally deposited sandstones in the
upper portion of the reservoir. Table 3, which is based on
a relatively limited number of data points (12), suggests
that significantly higher production rates should be expected
from river sandstones, which average 16% porosity and 700 md
permeability. In contrast, tidally deposited sands average
14% porosity and only 80 md permeability. Cross section X-X'
indicates that there 1is significant relief on the erosion
surface at the top of Lower Morrow Limestone (Figs. 11 and

TX0 Bergquist No. 2. Note that the Stockholm Sandstone fills
an erosional "channel". Flow in the "channel" was out of the
diagram. The Johannes Sandstone is also limited areally by the

valley walls but is more lenticular and is present in discon-
tinuous lenses.
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18). In the center of the valley the distance from the
pre-Stockholm erosional surface to the top of the Stockholm
Sandstone is 55' (Well No. 67, Fig. 9). Within 0.2 mile
laterally this interval thins to 30" (Well No. 60) and within
0.4 mile from the "valley center" it thins to 15' (Well No.
55). A similar sequence of thinning occurs along the north-
west valley margin. Where river sands are absent the wells
appear to be non-economic and D&A. River sands appear to
be absent in wells No. 55 and 65, and both are D&. In the
thicker portion of the Stockholm Valley fill, shale was
deposited and was preserved above the basal erosion surface
and below the Stockholm Sandstone (i.e., Well No. 64, Fig.

18). These shales are presumably marine, non-productive
and form a basal and possibly locally a lateral hydrocarbon
seal. '

The erosional surface separating the Mississippian Time-
stones from the Lower Morrow Limestone has a similar profile
to the erosional topography, which controlled the depositional
thickness of the Stockholm Sandstone in the central part of
the valley; however, near the edges of the valley {Wells 61,
62, 55) there is 1ittle relationship between the surfaces.
Note also that the Basal Morrow Sandstone (Fig. 5) is appar-
ently absent along the transect of this cross section. The
"Johannes Sandstone" is lenticular and non-productive in the
wells in cross section X-X'. The "Johannes Sandstone" prob-
ably is lenticular over much of the field area and probably
consists of several different sand bodies with differing
origins.

Fig. 18 - Cross section Southwest Stockholm field, Kansas.
Includes three wells from near the west end of a longer (not
included) east-west stratigraphic cross section X-X', which
extends across the valley. Location of cross section is indi-
cated on Figure 9. A number of significant observations con-
cerning the cross section: {1) Significant erosion has recurred
on unconformities at the base and the top of the Lower Morrow
Sandstone; (2) The Stockholm Sandstone abruptly pinches out at
the edge of the valley in the area between wells 63 and 64;
(3) The thickness of the valley-fill deposited following deposi-
tion of the Lower Morrow Limestone varies from 55' in well No.
57 (Fig. 9) to less than five feet in well No. 63. This valley,

in which the Stockhoim Sandstone is deposited, is partially
filled with reservoir quality sandstone and partially filled
. with non-reservoir sandstones and shales. The "Johannes" Sand-
stones are lenticular, non-continuous and individual Tenses do
not always appear to be correlatable with adjacent Johannes
lenses.
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6. Discussion of Stratigraphic Cross Section Y-Y'

Stratigraphic cross section Y-Y' extends across the valley
in the southern portion of the field (Fig. 9). Figures 11 and
15 1include portions of cross section Y-Y'. Three cored wells
are included in this cross section. Cored intervals in Wells
No. 128 and 131 have previously been discussed. Well No. 130,
the TXO0 White AB-1, was cored completely through the Stockholm
Sandstone (Fig. 11). At this well location all but two, less
than 1' thick sandstones at the top and hase of the Stockholm
Sandstone, are interpreted to be river deposits. This well
was plugged and abandoned, ‘however, as shown in Table II, even
though porosity and permeability (18%, 879 md) are excellent

~the reason for the absence of production 1is not known.

The Basal Morrow Sandstone occurs over the whole extent
of cross section Y-Y'. This sandstone calculates on logs as
non-productive and DST's of this unit are rare. The Basal
Morrow Sandstone pinches out against the valley wall between
wells 110 and 122 (Fig. 15). The non-productive Lower
Morrow Limestone fill thickness is generally inversely propor-
tional to the thickness of the underly Basal Morrow Sandstone.

SOUTHWEST STOCKHOLM FIELD
PRODUCTION DECLINE

100,000 [N
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Fig. 19 - Production decline over period 1979-1990. Field has
produced 5.5 million barrels of oil (primary production).
Ultimate primary production 1is estimated to be approximately
7.5 million barrels, using 42 million barrels in place and a
17% recovery factor. It has been estimated by Brown, et al.
(1990) that 15% of the remaining oil in place can be produced
using enhanced production techniques from the 66 producing
wells in the field.
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The Stockholm Sandstone in cross section Y-Y' is rela-
tively well understood because of the availability of three
cored wells included in the section. As discussed earlier,
the three cores contain quite different percentages of river
tidal (estuary) and marine transgressive sandstones. welf
No. 130 (Fig. 11) is 98% river deposited sandstone, Well No.
129 (Fig. 11) 1is approximately one-third river sandstones
and two-thirds tidal sandstones with less than 5% transgres-
sive marine sandstones at the top of the reservoir. Well No.
131 (Fig. 10) contains highly interbedded thicker (2-4' thick)
river sandstones interbedded with very thin (0.5-1.0" thick)
tidal- (estuarine and marine) deposited sand stones. This
high degree of depositional variability is believed to be
typical within the Stockholm Sandstone. River sandstones
have the best reservoir characteristics in this part of the
field, as they also did to the north. , )

River sandstone forms the major portion of the perforated
interval in Well No. 129 (Fig. 11) and all of the perforated
intervals in Well No. 128 (Fig. 11). Well No. 130 (Fig. 11)
contains thick river sands but is unexplicably non-productive.
An apparently younger, '"non-connected" portion of the
Stockholm Sandstone, occurs in well No. 110 (Fig. 15).

One of the most characteristic aspects of the valley-fill
is illustrated in the section (Fig. 11) extending through
wells 128, 129 and 130 where the river sands thicken from 9'
to 20' at the expense of the underlying estuarine and other
tidally deposited sandstones. In this area, the surface at
the base of the river sands is interpreted to have been eroded
into the tidal sandstones. Similar erosional affects will be
shown in map view in a subsequent section of this study.

The "Johannes Sandstone" in cross section Y-Y' is a 10'
thick nonproductive sandstone present in all the wells east
of and including No. 124 (Fig. 9). It is absent in wells to
the west.

B. Production

Southwest Stockholm field has produced 5.5 million barrels
of 011 from the Stockholm Sandstone during primary production.
Brown et al. (1990) estimated that the field has 42 million
barrels in place and using a 17% recovery factor 7.5 million
barrels will ultimately be produced. From mid 1980 "to 1990
the field produced in excess of 10,000 barrels per month from
66 wells (Fig. 19).

C. Micfoheterogeneities; Petrology of Stockholm Sandstone
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1. Composition and Texture

The Stockholm Sandstone is quartz-rich as shown on the
ternary diagram of Figure 20. The composition of the grains
in the rock was determined from microscopic thin section
analysis. The mean composition of sand grains for 24 point-
counted samples was 93% quartz (Q93), 1% feldspar (F1l) and
6% 1ithic (L6) fragments. No significant composition differ-
ence exists among the various facies except for the Stockholm
Marine Shelf Sandstone Facies III, which (based on two sam-
ples) is more feldspar-rich with a mean of Q83.4,F9.6,L7.0.

Tables Bl to B7 contain the composition of the various facies
based on modal point-count thin section analysis. Detrital
grains (and the range in volume percent) noted in thin sec-
tion include monocrystalline quartz (25.5-68.2%), polycrys-
talline quartz (2.5-44.3%), plagioclase (0-10%), shale 1ithic
fragments (0.5-7.3%), glauconite (<1%), collophane (<1%),
muscovite (<1%) and trace amounts of heavy minerals including
tourmaline and zircon. The percentage of polycrystalline
quartz dncreases with increasing grain size. Significant
authigenic (secondarily formed 1in place) minerals include
ankerite, siderite, quartz, and kaolinite. Pyrite occurs as
a pervasive cement in a few thin streaks. In a few samples,
trace amounts of grains growing into the pores include feld-
spar overgrowths and elongate barite crystals in primary and
secondary pores.

There are significant differences in grain size among the
various facies. The fluvial facies 1is coarse-grained and
typically either poorly sorted or bimodal. The Stockholm

Marine Shelf Sandstone Facies III 1is very fine-grained with
argillaceous laminae. ‘

Sandstones in  Southwest Stockholm field are unusual
because there is no correlation of grain size with composi-
tion, porosity, or permeability (Figs. 21 and 22). Grain
size was measured using a binocular microscope to make a
visual comparison of sand grains in the core with grain size
images printed on a comparator constructed on a sheet of
transparent plastic (Figures 21 and 22).

2. Secondary Processes

Similar pore-filling or pore-creating processes occur in
all sandstone facies in the field, however, the importance
of certain processes varies among facies. The major porosity
destruction processes were compaction, quartz cementation,
carbonate cementation, and kaolinite cementation. Carbonate
minerals also replaced feldspar, shale lithic fragments, and
the margins of quartz grains. Dissolution of carbonate
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cement to create secondary porosity was, at least locally,
an important development of the reservoir at Southwest
Stockholm field. Figure 23 is a general diagram showing the
relative sequence of major diagenetic (secondary) events and
the evidence to support the sequence for Morrowan sandstones.
Compaction in sandstones is important in reducing poros-

ity and permeability. Intergranular volume (IGV) provides a
measure of the amount of compaction that has taken place in a
sandstone (Houseknecht, 1987). Figure 24 is a plot, devised
- by Houseknecht (1987), of intergranular volume versus inter-
granular cement. Samples that plot above the dashed Tine are

dominated by cementation processes, whereas samples that plot
.below the dashed Tine are dominated by compaction processes.
Intergranular volume (sometimes called minus cement porosity
or precement porosity) is the sum of the intergranular cement
plus intergranular porosity. It is important to exclude
cement that replaces grains and intragranular and moldic
porosity in determining dintergranular volume. The smaller
the intergranular volume the greater the amount of compaction
that has occurred. Note that the Stockholm Tidal Channel
Facies TID and Stockholm Marine Shelf Sandstone Facies III
are distinct from the other samples. The former is strongly
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Fig. 21 - Core porosity versus mean grain size, Stockholm Sand-
stone. Grain size was measured using a comparator under a
binocular microscope.



dominated by compaction, whereas the latter is strongly domi-
nated by cementation. The other samples overlap the dashed
boundary line, but there are more samples in the compaction
field than in the cementation field.

The major effects of secondary processes affecting the
Stockholm Tidal Channel IID and Stockholm Marine. Shelf Sand-
stone Facies IIl differ significantly from the other geologic
facies. The Stockholm Tidal Channel Facies IID is character-
ized by extensive compaction as shown by the Tlow IGY (13.5%).
If it is assumed that the initial porosity was 40%, the pore
volume lost by compaction was 26.5%. The Stockholm Marine
Shelf Sandstone Facies III s characterized by pervasive
carbonate cement (26.3%). This cement formed relatively
early as shown by the moderately high IGV (26.8%). If one
assumes that the initial intergranular porosity was 40% then
only 13.7% pore volume of Facies III was lost by compaction.
The only other facies that has a distinctive diagenesis is
Stockholm Tidal Bar Facies IIC, which is fine-grained with
Tow porosity primarily due to quartz cement and fairly exten-
sive compaction (IGV=17.6%). This compaction includes physi-
cal compaction as well as chemical compaction (pressure

S.W. STOCKHOLM FIELD
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Fig. 22 - Core permeability versus mean grain size, Stockholm
Sandstone. Grain size measured as described in Fig. 21.



Diagenetic sequence of events for Morrow Sandstone.

RELATIVE SEQUENCE ¥

EVENT TIME COMMENTS
Replacement Kaolinite deformed in
COMPACTION = ] 0 [ \coarse-grained ss; glauconite not
deformed in some flne-grained ss.
QUARTZ
OVERGROWTHS — Underlies ankerite cement.
ANKERITE CEMENT — Partially replaced feld. ,sh. lithic
AND REPLACEMENT fragments and margins of quartz grains.)
SIDERITE CEMENT  m—} Replaced ankerite cement.

VOoID-
REPL%MENT . f_—'é'f Replaced feldspar and formed as void-~

fill in primary and secondary pores.
DISSOLUTION CARB. . Some moldic pores from unknown min,;

— some secondary intergranular pores
FELD. AND SH. FRAG. from dissol. of carb. cement.

KAOQLINITE

*Feldspar overgrowths and barite are too sparse to fit into diagenetic sequence.

Fig. 23 - Diagenetic sequence of events for the Stockholm Sand-
stone, Southwest Stockholm field. One of most important events
in some facies after burial of sediments'is dissolution of car-
bonate cement giving significant "secondary porosity". All
events Tlisted on figure, other than dissolution, tend to
decrease porosity in Morrow valley-fill sandstones.

solution). Pressure solution of quartz grains has occurred
along argillaceous (shaley) laminae that make up 2.6% of the
sandstone. The other facies of the Stockholm Sandstone have
mean intergranular volumes that range from 20.2 to 24.1% and
mean total cement that ranges from 11.2 to 16.6%.

Figure 25 shows the evolution of porosity as influenced
by the major diagenetic events. This 1is not strictly a time
or depth dependent diagram because diagenetic events commonly
overlap through time as the rocks subside deeper into the
earth. This diagram shows that based on the thin sections
studied, the present porosity 1is about the same for the
Stockholm Tidal Channel Facies IID and the Stockholm Fluvial
Facies IA, but the diagenetic history 1is different. The

Stockholm Tidal Channel Facies IID underwent extensive poros-
ity loss due to compaction, whereas the Stockholm Fluvial
Facies IA was less affected by compaction, but developed more

separates fields where compactidn (below the 1ine) and cementa-
tion (above the 1line) are the dominant porosity destruction
processes. The Stockholm Tidal Channel Sandstone, Facies 11D,
is more strongly affected by compaction than the other samples.
The Stockholm Marine Shelf Sandstone Facies III was pervasively
cemented by a relatively early carbonate cement and therefore
has no porosity and 1is distinctly different than the other
samples.
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DERIVATION OF COMPACTION VS
CEMENTATION EFFECTS
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Fig. 24 - Derivation of compaction versus cementation effects,
Stockholm Sandstone. This diagram is based on the assumption
that the initial intergranular porosity was 40%. Intergranular
porosity is destroyed by a combination of compaction and cemen-
tation. Intergranular volume 1is the sum of intergranular

cement and intergranular porosity. A low intergranular volume
indicates a strong compaction effect. Intergranular porosity

can be read from the solid diagonal lines. The 45° dashed line
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'POROSITY (%)

INITIAL PRIMARY
INTERGRANULAR
POROSITY

COMPACTION

QUARTZ
OVERGROWTHS

Marine Shelf
Sandstone (lll)

INTERGRANULAR
CARBONATE CEMENT

INTERGRANULAR

KAOLINITE
» Fluvial (1A)

INCREASING TIME 2 (APPROXIMATE) ~———|

SECONDARY
POROSITY

PBESENT TOTAL THIN
SECTION PORCSITY
INCLUDING
MICROPOROSITY

Fig. 25 - Diagram expressing the effect of the major diagenetic
events on porosity for selected facies in SW Stockholm field.
Interpreted sequence of porosity degradations resulting from
secondary processes in three Morrow reservoir sandstone facies,
fluvial (river), tidal and marine shelf. Note that due to
different rock properties of each geologic facies, the method
and amount of porosity decrease-vary among the facies. Note
especially the increase in porosity for fluvial and tidal sand-
stones due to formatijon of secondary porosity. Because diagen-
etic events commonly overlap through time with increasing depth
of burial, this is not a time or depth diagram. For this dia-
gram, however, except for compaction, depth and time generally
increase downward. Comparison of the history of the Stockholm
Tidal Facies IID (based on only two samples) and Stockholm
Fluvial Facies IA indicates that compaction is more important
in the Tidal Facies IID and that quartz overgrowths and carbon-
ate cement are more important in the Fluvial Facies IA. How-
ever, the two facies, despite the differences in their history,
have about the same total thin section porosity. The Stockholm
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quartz and carbonate cement. In contrast, Stockholm Marine
Shelf Sandstone Facies III underwent only slight compaction
before pervasive carbonate cement formed to totally destroy
macroporosity. This facies was not affected by the later
dissoTution event, perhaps because the pores were completely
occluded making it difficult to get fluids into the sandstone
to create secondary porosity.

3. Porosity and Permeability

a. General Comments. There is good evidence that the
Stockholm sandstones were partially cemented early in their
history by carbonate minerals, which were subsequently dis-
solved to create secondary intergranular porosity. Evidence

for this comes from (1) preservation of significant carbonate

cement with a distinctive dissolution texture in the TXO
White 1-AB (Fig. 26C), (2) porous sandstone containing quartz
grains with irregular outlines and embayments caused by par-
tial replacement of the margins of quartz grains by carbonate
that has been dissolved (Fig. 26D), and (3) the presence of
partially replaced quartz overgrowths in porous rock, which
suggests that carbonate once was present overlying the quartz
and was removed by dissolution (Fig. 27A-B).

These conclusions were reached knowing that the contact
between carbonate cement and quartz grains in a thin section
can appear to be embayed (irregular) because of an overlap-
ping grain relationship in thin sections. The difference
in hardness between quartz and carbonate minerals and the
fact that carbonates have three good cleavages and quartz
has no cleavage leads to partial plucking of carbonate and
may give the appearance of an irregular (replacive-appearing)
contact between the two minerals, which is misleading. To
evaluate this effect, a portion of the thin section was photo-
documented (Fig. 27C) and then the carbonate was dissolved
with HC1 acid and the same area was rephotographed (Fig.
27D). Comparison of these photographs shows that the carbon-
ate does replace the margins of quartz grains. Therefore,
it appears that a partial replacement of quartz grain margins
is the most 1ikely explanation for embayed grains in the por-
ous sandstone that now contain only slight amounts of carbon-
ate cement. A conservative estimate is that about half of
the intergranular pores are of secondary origin.

Marine Shelf Sandstone, Facies III, developed pervasive carbon-
ate cement that destroyed porosity. The Tater dissolution
event did not dissolve the carbonate, probably because the Tow
permeability did not permit entry of the leaching solutions.



Porosity in the Stockholm Sandstone is a mixture of inter-
granular macroporosity, intragranular/moldic macroposority,
and _microporosity. The microporosity occurs among authigenic
kaolinite crystals, within partially dissolved shale 1ithic
fragments, and within sparse glauconite pellets. Because of
its very small pore size the microporosity does not contri-
bute producable fluids. Intergranular porosity in Southwest
Stockholm field is of primary and secondary origin. The
intragranular/moldic macroposority was formed by the partial
or complete dissolution of feldspars (Fig. 26A) and Tithic
grains. Preserved clay infiltration rims outline framework
grains of unknown mineralogy, which have been dissolved to
create moldic porosity (Fig. 26B).

Reservoir parameters for the general categories of river
(fluvial) and tidal sandstones 1is given in Table II. Mean
porosities and permeabilities are River 16.3%, 703 md; Tidal
14.4%, 80.8 md.

b. Stockholm Sandstone Fluvial Facies IA. Subfacies of
the tidal and fluvial facies may be recognized in core. The
best part of the reservoir in Southwest Stockholm Field is
Fluvial Facies IA of the Stockholm Sandstone. This sandstone
has mean core porosity and permeability of 17.3% and 835 md
respectively. The vrelatively coarse grain size partly
accounts for the high permeability. Mean point-count data
for 10 samples of this facies indicates 8.6% intergranular
porosity and 2.2% intragranular/moldic porosity for a total
macroporosity of 10.8% (Appendix Table B1).

Fig. 26 - Photomicrographs, various facies, Stockholm Sandstone.
A. Feldspar (F) was partially replaced by carbonate (C). Later,
the carbonate was dissolved to create intragranular porosity
(blue). Note the remnants of feldspar (arrow) caught in the
partially dissolved carbonate, TXO Garrison A-6, 5185.5 feet
(core), plane polarized light. B. Infiltration clay (IC) coated
sand grains of unknown origin, which were subsequently dissolved
to create moldic porosity (MP), TXO *Evans E-2, 5164.2 feet
(core), plane polarized light. C. Carbonate cement has been
partly dissolved giving the cement a "swiss-cheese" appearance,
TX0O Evans E-2, 5177.3 feet (core), plane polarized 1ight.
D. Quartz grains typically have embayed (arrows) grain outlines
in porous sandstones. This is one Tine of textural evidence
suggesting a secondary origin for some of the intergranular
porosity, TXO Garrison A-6, 5160.7 feet (core), plane polarized
light.
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c. Stockholm Sandstone, Tidal Facies (Reworked by Fluvial
Processes) IB. Only two samples were point-counted from this
facies and they are quite different (Table B2). This reflects
the heterogeneity of the facies and generalizations are mean-
ingless without a larger data set.

d. Stockholm Sandstone, Tidal Estuary Channel Facies IIA.
The reservoir characteristics of this facies are similar to
the characteristics of the Stockholm Fluvial Facies IA,
although it 1is finer (medium-grained). The macroporosity
totals 10.9% and consists of 9.4% dintergranular and 1.5%
intragranular/moldic (Appendix Table B3). Permeabilities
typically are about 95 md.

e. Stockholm Sandstone, Fluvial (Reworked by Tides)
Facies TIB. This facies 1is relatively coarse (medium-
grained), but the total porosity (5.5%) is relatively 1ow
based on point-counts of two samples. Most of the macropor-
osity is 1intergranular (4.8%) rather than intragranular/
moldic (0.7%). This facies has low porosity, primarily
begause of an abundance of kaolinite (10.4%; Appendix Table
B4).

Fig. 27 - Scanning electron micrographs and photomicrographs,
Stockholm Sandstone. A. Scanning electron micrograph showing
a quartz overgrowth with smooth appearing prism faces and with
one end of the quartz crystal modified by replacement contact
with carbonate cement that was subsequently removed by disso-
Tution, TX0 Evans 2-E, 5177.8 feet (core). B. Scanning electron
micrograph showing quartz overgrowths that were modified by con-
tact with an overlying carbonate cement, which partially
replaced the faces of the crystal. The planar faces and face
contacts are recognizable despite the rough and pitted replace-
ment texture. This line of evidence strongly suggests that
some of the intergranular porosity is secondary in origin, TX0
Evans 2-E, 5164.2 feet (core). C. and D. show the same part
of a thin section before and after applying HCl acid to the
thin section. Note the embayed margins (arrows) of quartz
grains in C. This can be an apparent embayment related to
thin sectioning of dirregular grains and the difference in hard-
ness and cleavage between quartz and carbonate. Note that
after dissolving the carbonate, the embayments are still there.
This indicates that the carbonate has replaced the quartz and
that the embayed grains in porous sandstone can be used as
evidence of secondary intergranular porosity for the pore
adjacent to the embayed grain, TX0 Evans 2-E, .5190.4 feet.
Photographs were taken in crossed polarized 1ight.
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f. Stockholm Sandstone, Tidal Bar Facies I1IC. This
facies is finer grained and better sorted than the fluvial
facies that constitutes the better part of the reservoir.
The Stockholm Tidal Bar Facies IIC has argillaceous laminae,
considerable compaction, and a total porosity of only 4.6%,
which consists of 3.6% intergranular porosity and 1.1% intra-
granular/moldic porosity (Appendix Table B5). ’

g. Stockholm Sandstone, Tidal Channel Facies IID. Based
on limited core analyses, the Stockholm Tidal Channel Facies
IID has a mean porosity and permeability of approximately
12.0% and 90 md, respectively. This facies has lost porosity
largely because of compaction. Chemical compaction (pressure
solution) is pronounced where illitic clay occurs along
quartz-to-quartz grain contacts. A common observation of
petrologists (e.g., Thomson, 1959) 1ds° that {llitic clay
films along grain contacts serve as a catalyst to promote
pressure solution. The tight fit of some grains along their
contacts has reduced the porosity and permeability compared
to the Stockholm Fluvial Facies IA, which is similar composi-
tionally and texturally except that illitic clay and pressure
solution are less common. e R ~

The macroporosity in two point-counted samples totaled
10.2% and included 6.6% intergranular porosity and 3.6%
intragranular/moldic porosity {Table B6). Microporosity
occurs among kaolinite crystals (3.5%, within shale lithic
fragments (5.6%), and within glauconite pellets (<1%).

h. ‘Stockholm Sandstone, Marine -Shelf Sandstone Facies
IIT. Sandstones 1in this facies are very fine-grained with
extensive carbonate cement (26.3%) and no macropores visible

in the thin section (Appendix Table B7). This facies is’

non-reservoir.
4. Microscopic Heterogeneity

The reservoir sandstone facies in Southwest Stockholm
field have considerable microheterogeneity and microporosity,
but it is difficult to document because of the lack of pub-
licly available porosity and permeability data. Ideally,
thin sections for a study such as this would be cut from the
plugs used for core analysis. Then, when point-counts are
made of these thin sections it is possible to determine the
amount of microporosity by subtracting thin section macropor-
osity from core porosity. Five thin section samples were
reasonably close to the position of the core perm plugs so
these five samples were given more emphasis in our reference
set, Table I.
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Microheterogeneities are recognizable in thin section and
under the scanning electron microscope (SEM) in the form of
non-producing micropores associated with kaolinite clay and
partly dissolved shale grains. Because commercial core analy-
sis includes microporosity in total porosity values, an
attempt was made to evaluate the distribution of micro-
pores in the Stockholm reservoir sandstones. This was done
by plotting total thin section macroporosity versus the
ratio of macroporosity to the rock volume with micropores
(Fig. 28). The rock volume with microporosity was derjved
by summing the percentages of kaolinite, shale lithic grains,
and glauconite. This was done because there was no way to
directly determine microporosity for the samples. What Fig-
ure 28 suggests is that samples with low porosity are domin-
ated by microporous rock (low ratio on y axis), whereas
higher porosity sandstone has a higher ratio (y axis) sugges-
ting that micropores are less abundant relative to macropores
in good reservoir sandstone.

5. Reservoir Characteristics

Table IT 1ists useful parameters for evaluating reservoir
quality on a sample by sample basis. The k/@ ratio and
R35 have been used by Hartmann and Coalson (1990) to evaluate
reservoirs. A high k/@ ratio is indicative of a good reser-
voir. Rg3g s the pore aperture (throat) size on a mercury
injection capillary pressure curve where the mercury saturates
35% of the pore space. Hartmann and Coalson (19gb) believe
that Rqg is useful in evaluating reservoirs. Large R3g
values are indicative of good reservoirs. It is possible to
estimate R35 using Winland's empirical equation, which was
published by Kolodzie (1980). Winland's equation, which was
developed using 322 samples of sandstones and carbonates for
which porosity, permeability and mercury injection data were

available is: Log R3g = 0.732 + 0.588 Log K - 0.864 Log @.

Figure 29 1is a porosity-permeability plot with the solution
to the Winland equation expressed graphically in the form of
Tines of equal pore aperture size. Note that the largest
pore apertures are at the top of the diagram. Based on the
limited core analysis data available from the Stockholm
Sandstone, the fluvial sandstones generally have larger pore
apertures than the tidal sandstones, although both are excel-
lent reservoirs. :
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Fig. 28 - Scatter plot of total macroporosity in thin section
versus the ratio of total macroporosity to the rock volume
with microporosity. This approach was used because it was not
possible to obtain a quantitative estimate of microporosity,
This diagram suggests that sandstones with low total macropor-
osity have a low macro/micro ratio indicating that microporous
rock (and micropores) make up a large part of the porosity.
Rocks with high macroporosity tend to have a higher macro/micro
ratio, implying that microporous rock is less abundant. Micro-
porosity may be about the same for all samples of Stockholm
Sandstone.



ITI. CONCLUSIONS

Southwest Stockholm field, which produces from Morrowan
Stockholm and "Johannes" sandstones, -is part of the Kansas-
Colorado "Stateline Trend". In addition to the two producing
sandstone reservoirs, the valley also was partially filled by
a Basal Morrow Sandstone, which is non-productive in Southwest
Stockholm field, and a Lower Morrow. Limestone, -which occurs
between the Basal and Stockholm sandstones 1is also non-
productive and forms a barrier to fluid flow between the two
sandstones. Impermeable shales deposited within and outside

10,000

AIR PERMEABILITY (md)

0.01 T T T T - I 1
- 0 5 10 15 .20 - 25 30
POROSITY (%)

Fig. 29 - Plot of K vs 0 graphical solution to Winland's
equation (from Hartmann and Coalson, 1990) showing Stockholm
Sandstone samples from Southwest Stockholm Field. The Morrow
Sandstones that produce from Southwest Stockholm field are
primarily river valley-fill sandstones.
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of the valley separate the two producing sands (Stockholm
and "Johannes"). Several of the valley-fill sandstone reser-
voirs abruptly terminate against the lateral margins of the
valleys; some reservoirs change facies within the valley.
Sediments spilling over the edges of the valleys during late
stage flooding are generally sand-poor and non-productive.

Within the Stockholm Sandstone the reservoirs are primar-
ily river-deposited, however, tidal and estuarine sandstones

deposited in the valley during minor sea Tevel rises also.

form a significant portion of the Stockholm Sandstone. These
tidal and estuarine sands are finer grained and more clay-
prone than the fluvial sandstones and as a result have poorer
reservoir properties.  In some wells only the river-deposited
portions of the sandstones are perforated. Where the finer-
grained tidal sands interfinger with fluvial sands, as occurs
in the TXO Evans No. 2, vertical permeability is diminished
and reservoir storage capacity may be decreased.

, The valleys in which the Stockholm Sandstone was depos-
ited locally contain relatively high topographic features,
which prohibit the deposition of or diminish the thickness
of reservoir sandstones. Adjacent to these topographic fea-
tures, the valleys are cut much deeper and the thickest por-
tion of the Stockholm Sandstone reservoir occurs. Commonly,
these topographic highs within the valley form where the
underlying Lower Morrow Limestone was not removed or was only
slightly eroded. These topographic features may inhibit sand
deposits over an area as large as 1/4 to 1/2 sections.

River-deposited sandstones have average porosities of
approximately 16% and average permeabilities of approximately
700 md. Tidally deposited sands, as a group, have decidedly
inferior production characteristics; porosities average 14%
and permeabilities 80 md. The coarser grained nature of the
river deposits reflect their higher depositional energies and
removal of most clay and very fine-grained material during
the depositional process.

Thin section, scanning electron microscope and X-ray anal-
ysis yielded information on size, origin and distributions of
pores in the reservoir sandstones. A series of secondary
events affected the rocks after they were deposited and
although today the porosity of several of the producing
facies is similar, the events that affected the rocks were
different in different geologic rock facies. The variability
of these events contributes to variability in the rate of
production of hydrocarbons from different facies.  Tidal
Channel Facies IID sandstones underwent extensive porosity
Toss due to compaction and resulting interpenetration of
grains, whereas the Fluvial Facies IA sandstones had initial
porosity filled with quartz and calcite cement, followed by
only minor losses due to compaction. In Facies 11D, as well
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as other tidally deposited facies where millimeter or thicker
lenses of shale were deposited by tidal currents as part of
the sandstone, pressure solution of quartz grains adjacent to
the shales has reduced porosity; this process is minor in the
fluvial sandstones.

Many of the processes forming microheterogeneities in
sandstone reservoirs decrease the porosity, however, there
is strong thin-section evidence that secondarily-derived
(Teached) porosity may form up to half of the present day
intergranular (macro) porosity in the Stockholm Sandstone in
Southwest Stockholm field.

Microporosity (porosity too small to yield its hydrocar-
bons) occurs in those portions of the reservoir rocks that
include secondary kaolinite and shale lenses. This porosity
is included in that read by subsurface Togs but yields no
producible hydrocarbons. An estimate of the percent of micro-
porosity is useful as an aid in more precisely interpreting
Tog porosity.
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DOMINANT CONTROL ON RESERVOIR-FLOW BEHAVIOR IN CARBONATE
RESERVOIRS AS DETERMINED FROM OUTCROP »STUDIES*

R. K. Senger, F. J. Lucia, C. Kerans, and M. A. Ferris

Bureau of Economic Geology
The University of Texas at Austin
Austin, Texas 78713-7508

G. E. Fogg

Department of Land, Air, and Water Resources
University of California at Davis
Davis, California 95616

I. INTRODUCTION

The investigation of carbonate-ramp deposits of the upper San Andres Formation
that crop out along the Algerita Escarpment, New Mexico, is a research element of
ongoing geologic and petrophysical studies conducted at the Bureau of Economic
Geology’s Reservoir Characterization Research Laboratory (RCRL). The primary
goal of the investigation is to develop an integrated strategy involving geological,
petrophysical, geostatistical, and reservoir-simulation studies that can be used to
better predict flow characteristics in analogous subsurface reservoirs. Geologic
investigations and detailed measurements of petrophysical parameters on continuous
outcrop were used to determine not only the vertical distribution of the data but
also their lateral distribution, which is typically lacking in subsurface studies.

To characterize the complex heterogeneity associated with depositional and
diagenetic processes at the interwell scale, detailed permeability data were collected
within the overall geologic framework from the outcrop at Lawyer Canyon, Algerita
Escarpment, New Mexico (fig. 1). Geologic mapping showed a series of upward-
shallowing parasequences (10 to 40 ft thick and several thousand feet long).
Parasequence boundaries are typically marked by tight mudstone/wackestone beds
that display variable degrees of lateral continuity ranging from several hundred feet
to more than 2,500 ft and are potentially important as flow barriers (fig. 2). Within
these parasequences, distinct variability of facies and petrophysical characteristics
is present at scales well below those of interwell spacing typical for their subsurface
counterparts (660 to 1,330 ft). Pore types and permeability-porosity relationships
can also be specific to individual parasequences. '

*Publication authorized by the Director, Bureau of Economic Geology, The University of Texas at Austin.
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Figure 1. Geologic map of the Guadalupe Mountains compiled from Hayes (1964)

and King (1948) showing the Algerita Escarpment and the Lawyer Canyon study
area.
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Figure 2. Distribution and geometry of depositional facies mapped in the upper San
Andres parasequence window, Lawyer Canyon, Algerita Escarpment, New Mexico.



Previous studies characterizing permeability in San Andres outcrops include
those of Hindrichs and others (1986) and Kittridge and others (1990). The study by
Hindrichs and others was based on core plugs taken from different beds in the
middle San Andres Formation. Results indicated large permeability variations within
beds separated by low-permeability mudstones, with no apparent difference in
permeability between horizontal and vertical cores. Kittridge and others (1990)
used a mechanical field permeameter (MFP) to study spatial permeability variations
at a specific site near the middle and upper San Andres Formation boundary at the
Lawyer Canyon area. Geostatistical analyses of measured permeability indicated
that permeability correlation lengths decreased with decreasing sample spacmg
and that different rock fabrics exhibited different mean permeabilities.

In this study, permeability measurements were guided by the detailed geologic
mapping of continuous San Andres outcrop, which revealed a stacking pattern of
parasequences and of facies and rock-fabric succession within parasequences that
provide the necessary framework for petrophysical quantification of geologic models.
Standard statistics were used to relate permeability to facies and rock-fabric
characteristics through a petrophysical/rock-fabric approach. In addition, geostatistical
analysis was applied to evaluate spatial permeability characteristics. Stochastic
modeling was then used to generate a series of “realistic” permeability distributions
that took into account the underlying permeability structure and the uncertainty of
measurement data. Numerical waterflood simulations of selected permeability
realizations were designed to characterize interwell heterogeneity and to represent
heterogeneity by appropriate average properties, which can be used in reservoir-
scale flow models. For the reservoir-scale flow model, a petrophysical/rock-fabric
approach was used to quantify the geologic framework of the reservoir-flow model.

Il. METHODOLOGY

A. Permeability Measurements

Permeability was measured with an MFP, which gauges gas-flow rates and
pressure drop by pressing an injection tip against the rock surface. These data are
used to calculate permeability values on the basis of a modified form of Darcy’s
law that incorporates effects of gas slippage at high velocity (Goggin and others,
1988). In addition, permeability and porosity were determined on the basis of
conventional Hassler sleeve methods, using 1-inch-diameter core plugs taken from
the outcrop. Core and MFP permeability compared reasonably well for permeabilities
greater than about 1 md, which is approximately the detection limit of MFP
measurements (Goggin and others, 1988).

The distribution of permeability measurements taken from the upper San
Andres at Lawyer Canyon is shown in figure 3. Sampling focused on parasequence
1, composed of grainstones forming bar-crest and bar-flank facies overlying
wackestones and mudstones of a flooded-shelf facies, and on parasequence 7,
characterized by low-moldic and highly moldic grainstones (fig. 2). Permeability
distributions were measured at scales ranging from detailed grids of 1-inch spacing
to 1-ft spacing and at vertical transects that were spaced laterally between 5 and
100 ft and that contained permeability measurements at 1-ft vertical intervals.
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Figure 3. Location of sampling grids and transects of MFP measurements and core
plugs.

The total number of MFP measurements at the Lawyer Canyon parasequence
window was 1,584. Removing the outer weathering surface of the rock by chipping
away an area of about 1 square inch gave the best representation of permeability
{Ferris, in preparation). Preparing the sampling surface with a grinder produced
permeabilities that were lower overall than those measured on chipped surfaces,
owing to plugging of pore space by fines (Kittridge and others, 1990). Within each
chipped area, typically several measurements were made and averaged. Depending
on measurement discrepancies, as many as six different MFP readings were taken at
various locations within the chipped area.

B. Geostatistics

Variography, a geostatistical technique for analyzing spatial variability of a
property such as permeability, was used to help quantify the spatial permeability
pattern at different scales. For further discussion of variogram analysis, refer to
Journel and Huijbregts (1978) and Fogg and Lucia (1990). The variogram describes
variability as a function of distance between measurements. The average variance
of measurement pairs within certain distance intervals typically shows increasing
variability (y) with increasing interval range (fig. 4). Beyond a certain distance (range),
Y may no longer increase. The variance that corresponds to the range is the sill,
which reflects the variability where spatial correlation no longer exists; it typically
corresponds to the ensemble variance of the entire data set. Small-scale heterogeneity
Or measurement errors can cause a variogram to originate at a high variance
referred to as a nugget, representing local random variability.

Spatial permeability characteristics can often be described by the nugget, the
correlation range, the sill, and the variogram model. The latter is obtained by fitting
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Figure 4. Schematic example of calculation of the
experimental variogram.

a certain type of mathematical function to the experimental variogram. In this study
the computer program GAMUK (Knudsen and Kim, 1978) was used to compute the
experimental variogram. Application of the variogram to kriging or to conditional
simulation usually requires an assumption of stationarity, which requires that the
mean and the variogram be the same over the area of interest.

Kriging is a technique of estimating properties at points or blocks distributed
over the area of interest by taking a weighted average of sample measurements
surrounding a regularly spaced grid point or block. Kriging incorporates the spatial
correlation structure contained in the variogram model. The kriging program is
based on the program UKRIG, developed by Knudsen and Kim (1978). The
permeability data were contoured with the CPS-1 contouring package (Radian
Corp., 1989) and with the DI-3000 contouring package at The University of Texas
Center for High Performance Computing.

Conditional simulation uses the underlying permeability structure obtained
from kriging and adds the stochastic component associated with the uncertainty of
the limited permeability data. Conditional simulation is performed with the program
SIMPAN (Fogg, 1989). A large number of permeability realizations are screened for
maximum and minimum continuity of permeable zones using the program MCSTAT
(Fogg, 1989), which measures the length and thickness of domains of contiguous
blocks having simulated permeability values greater than 50 md. The selection of
realizations having low and high continuity of permeable zones is based on the
mean horizontal continuity (Cy) at the 10th and 90th percentiles, respectively. These
end-member representations of “realistic” permeability distributions, conditioned
on the same permeability data, are then used in waterflood simulations to evaluate
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Figure 5. Classification of interparticle pore space in carbonate rocks.

) reservoir-flow characteristics. For further details on stochastic reservoir simulations,
refer to Fogg and others (1991). The reservoir simulator ECLIPSE (ECL Petroleum
Technologies, 1990) was used in this study for two-phase waterflood simulations.

Hl. PERMEABILIW CHARACTERIZATION, LAWYER CANYON OUTCROP

A. Petrophysical/Rock-Fabric Approach

Petrophysical parameters such as porosity, permeability, and saturation were
quantified by relating rock texture to pore-type and pore-size distribution (fig. 5).
Spatial distribution of these petrophysical parameters was defined by geologic
concepts of sedimentation, diagenesis, and tectonics, which provided the basis for
the three-dimensional reservoir framework. Pore space in carbonate rocks ‘can be
divided into interparticle and vuggy pores on the basis of the particulate nature of
carbonate rocks. Three petrophysical/rock-fabric classes for nonvuggy pore space
can be distinguished on the basis of porosity, permeability, and saturation
relationships (fig. 6), and vuggy pore space can be divided into separate vugs and
touching vugs on the basis of the type of interconnection. The petrophysical classes
for nonvuggy pores have distinct porosity-permeability relationships (fig. 7), as well
as relationships between porosity and water saturation (fig. 8).
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Figure 7. Porosity-permeability relationships for various rock-fabric fields in nonvuggy
carbonates. Data are from core-plug measurements from the Lawyer Canyon outcrop.
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In addition to the nonvuggy pore types, separate vugs were important to this
study. Separate vugs, such as moldic pores, are connected only through interparticle
pore space and result in a lower permeability than that which would be expected if
the porosity were all interparticle; that is, they do not fall into the different porosity-
permeability field for nonvuggy pore types. However, vuggy pore space is typically
large enough that it can be assumed to be filled with hydrocarbons.

According to this rock-fabric classification, five productive rock-fabric units
were recognized in the outcrop at the Lawyer Canyon parasequence window (fig. 9):
grainstones, separate-vug grainstones, grain-dominated packstones, mud-dominated
packstones and wackestones, and tight mudstones and fenestral caps. The information
was derived from permeability and porosity measurements of core plugs and from a
petrographic description of thin section taken from core plugs.

For the evaluation of permeability characteristics with respect to facies and
fabrics, only those data were taken that follow the geologic measured sections for
which spatial coordinates, facies, and fabric designations are available. The histogram
of permeabilities using both core and MFP measurements (fig. 10) shows a roughly
lognormal distribution. Core permeabilities are skewed toward lower permeabilities
than are the MFP measurements, owing to the 1-md detection limit of the MFP
data. Within relatively permeable facies (e.g., the bar-crest facies within
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Figure 9. Rock-fabric flow units of the upper San Andres parasequence window,
Lawyer Canyon, Algerita Escarpment, New Mexico.

parasequence 1), core and MFP measurements have statistically similar populations,
with similar geometric means of 1.33 and 1.34 md, respectively. Statistical
comparison of the two populations using a t-test indicates that the null hypothesis
cannot be rejected at the 80 percent confidence level (t-statistics = —0.1318; p-
value = 0.8953).

The dominant rock fabrics exhibit significant differences in mean permeability
(fig. 11), with mudstone having the:lowest permeability and grainstone having the
highest permeability. Most of the mapped facies are also characterized by significantly
different mean permeabilities (fig. 12). Generally, shelf facies exhibit significantly
lower mean permeabilities than bar facies, with the bar-crest and bar-accretion-set
facies having the highest mean permeability of log k = 1.1 md. The facies
characteristic (fig. 12) is consistent with the rock-fabric characteristic (fig. 11) because
the bar facies consist mostly of high-permeability grainstones and the shelf facies
consist mostly of low-permeability, mud-dominated fabrics. Furthermore, the mapped
parasequences are characterized by different facies and fabric combinations,
indicating different hydraulic properties of each parasequence. Mean permeabilities
in parasequences 1, 2, 7, and 9 are significantly higher than those in parasequences
3,4, 5, 6, and 8. The latter sequences consist mostly of packstone and wackestone,
whereas parasequences 1, 2, 7; and 9 consist predominantly of grainstones (fig. 9).
Grainstones in parasequence 7 are characterized by moldic-pore types with high
porosity but slightly lower permeability than those in the other cycles having
intergranular porosity.

Within individual facies, permeability varies by as much as five orders of
magnitude (fig. 12). Characterization of spatial permeability patterns within individual
facies is therefore important for predicting flow behavior in these ramp-crest
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Figure 10. Histogram of permeabilities obtained along the geologically measured
sections.

grainstone bar complexes. If permeability within facies is spatially uncorrelated
(i.e., random), then the two-dimensional effective permeability of that facies can be
estimated by taking the geometric average of the local permeabilities (Warren and
Price, 1961). If permeability within facies exhibits significant spatial correlation,
then effective permeability of that facies must be estimated by taking some other
type of average.

10
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B. Spatial Permeability Patterns and Variography

Spatial patterns in permeability were characterized and mapped in three steps.
First, the data were contoured with an inverse-distance-squared algorithm to depict
any trends or anisotropies in the data. Second, variograms were computed for
different lag spacings and directions that were consistent with the data spacings
and inverse-distance maps. Third, variogram models were fit to the variograms and
were used to create point-kriged maps of spatial permeability patterns.

Standard contouring (inverse-distance-squared) of the detailed permeability
transects spaced between 25 and 100 ft in parasequence 1 (fig. 2), using the CPS-1

1
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Figure 12. Statistical comparison of means of permeability for different facies.
Standard error values refer to the estimated means.

contouring package, shows extreme heterogeneity (fig. 13) within the bar-crest
facies, bar-flank facies, and shallow-shelf facies, which are collectively referred to
as the grainstone facies of parasequence 1. Permeability is controlled by total

porosity, and separate-vug porosity (intragranular microporosity) has a second-
order effect.
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Figure 13. Permeability distribution for normalized parasequence 1 based on
inverse-distance-squared contouring algorithm using CPS-1.

To evaluate heterogeneity at different scales, permeability measurements from
the different measurement grids were analyzed using variography. Within the bar-
crest facies of parasequence 1, permeability transects were typically spaced 25 ft
apart. Between transects A and Z (fig. 3), vertical transects were spaced 5 ft apart.
Horizontal and vertical variograms of the permeability data indicate a short-range
correlation range of about 3 ft in the vertical direction and a possible correlation
range of about 30 ft in the horizontal direction (fig. 14). In both cases, however, the
spherical variogram indicates a nugget constant of oo = 0.2 md2, which is as large
as the sill. This relatively large nugget indicates small-scale random variability of
permeability. The small-scale random permeability variation is apparent in
permeability patterns of the smaller scale grids, which were measured at regular
1-ft spacings (fig. 15) and at 1-inch spacings (not shown here). Variogram analysis
of these small-scale permeability grids did not indicate a noticeable permeability
correlation but showed a large variability in permeability. Measurement accuracy
of the minipermeameter typically decreased toward the lower detection limit of
1 md and may have accentuated some of the observed noise in the permeability
data.

Using the fitted variogram models (fig. 14), a kriged permeability map was
constructed for the northern half of parasequence 1, consisting predominantly of
bar-crest facies. Note that the kriged permeability map (fig. 16), based on the
vertical permeability transects spaced 25 ft apart, shows a much smoother distribution
than does the kriged permeability map based on the 1-ft grid (fig. 15).

C. Conditional Simulation

Even though kriging can incorporate permeability correlation structures, it
tends to average permeability over larger areas, ignoring small-scale heterogeneity.
On the basis of the short-range correlation of permeability data (fig. 14), a series of
stochastic permeability realizations were produced for the- grainstone facies in

13
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Figure 15. One-foot sampling grid in parasequence 1 with kriged permeability
contours. : . .

parasequence 1. The model extends laterally from 0 to 1,050 ft and is 17 ft thick,
with block sizes of 5ft by 1 ft. The simulations, conditioned to permeabilities
measured along vertical transects spaced approximately 25 ft apart (fig. 3), incorporate
the correlation structure from the variograms.

Two permeability distributions out of 200 stochastic permeability realizations
were selected for flow simulations, representing maximum and minimum lateral
continuity (Ch) of domains having permeability values greater than 50 md (table 1).
Comparison of the two permeability realizations (figs. 17a, b) does not show a
noticeable difference. The ranges of 3 ft (vertical) and 30 ft (horizontal) (figs. 14a, b)
are not immediately apparent in these realizations (fig. 17); the permeability patterns
appear spatially uncorrelated because of the relatively large nugget, which is of the
same magnitude as the sill (fig. 14). These conditional simulated realizations,
however, preserve the spatial variability exhibited in the variograms, whereas the
kriged permeability map (fig. 16) averages out much of this variability.

As mentioned above, measurement uncertainty of the minipermeameter may
have accentuated some of the observed noise in the permeability data, which is
reflected in the relatively large nugget of the variograms (fig. 14). For comparison,
unconditional permeability realizations were produced that incorporate the mean,
variance, and variogram range but have a zero nugget and a sill of 0.4 md” and are
not conditioned to the actual permeability values. All of these unconditional

15
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~ Table 1. Waterflood simulations of grainstone facies in parasequence 1.

Statistics Mean horizontal
Permeability Mean Variance Nugget sill continuity (C )
No. realization . log-k (md) log-k (md?) - (md2) (md?) (ft)
1% 7 1.219 0.42 0.2 0.2 7.53
2 7 1.219 0.42 0.2 0.2 7.53
3 11 1.219 0.45 0.2 0.2 8.82
4 45 -1.219 0.38 0.0 0.4 11.85
5 ~ kriged 1.219 0.46 0.2 0.2 N/A
6* facies-averaged 1.219 ON/A N/A N/A N/A

*Single relative-permeability and capillary-pressure curves.

Fluid properties:

Oil viscosity 1.000 cP
Water viscosity 0.804 cP
Oil density 55 Ib/f3

Water density 64 |b/ft3

permeability realizations have mean continuity values that are higher than those of
the conditional permeability realizations based on a 0.2-md? nugget (table 1).
Unconditional realization 45 (fig. 18), which was selected on the basis of low
continuity of relfatively permeable zones, shows a smoother permeability pattern
than that of a conditional permeability realization having a relatively high nugget
(fig. 17). For comparison of waterflooding results, the different permeability
realizations were corrected to the same mean permeability, which was equivalent
to the data mean of log k = 1.219 md (table 1). '

IV. WATERFLOOD SIMULATIONS OF PARASEQUENCE 1

A. Modeling Strategy

Waterflooding of the hypothetical two-dimensional reservoir was simulated
by injecting water along the right boundary and producing along the left boundary.
Injection and production were controlled by prescribed pressure conditions of
2,450 psi and 750 psi, respectively. A series of numerical simulations was performed
to evaluate different effects associated with the observed heterogeneity on production
characteristics (table 1). Flow simulations incorporating the observed heterogeneity
were compared with those using a mean permeability to evaluate whether the
observed permeability heterogeneity could be represented by a geometric-mean
permeability and to determine the possible impact of short-range permeability
correlation on production characteristics.

Input data for the simulator included the stochastic permeability distributions,
porosities, and relative-permeability and capillary-pressure curves. Porosity-
permeability relationships established on the basis of core-plug analyses for
grainstones in parasequence 1 were used to calculate porosity distributions from
the stochastic permeability realizations (fig. 17). The following empirical porosity-

17
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permeability relation is based on a linear transform representing intergranular pore
characteristics in a grainstone:

k=(5.01x107 ¢ (1)

where k is intrinsic permeability (md) and ¢ is intergranular porosity (fraction).
Similarly, an empirical relationship between water saturation, intergranular porosity,
and capillary pressure, established for grainstones, was used to calculate capillary
pressure as a function of water saturation and porosity of the grainstone facies in
parasequence 1: :

Sw=68.581 h 0316 47174 (2)

where h represents capillary pressure as the height of the reservoir above the free-
water level. Assuming that the hypothetical reservoir is 500 ft above the free-water
level, initial water saturation as a function of porosity was computed using
equation (2). Residual oil saturation was assumed to be uniform at 25 percent.

The relative-permeability functions for oil and water were determined from
the following equation (Honarpour and others, 1982):

K = Ky (DW= Swr N (3a)
T Sor—Sur

ko = KOy (125w = SwryNo (3b)
1- Sor - Swr

where Sor and Swr are the residual oil saturation and the residual water saturation,
respectively. The exponents Nw and No were derived from fitting relative
permeability data obtained from grainstone fabric of two Dune field cores. Both
exponents were approximately 3 and were determined from the slope of the
regression line representing the log of relative permeability versus the log of the
normalized saturations in equations (3a) and (3b). Similarly, the relative-permeability
endpoints kay and k% were derived from the intercepts of the log-log plots of the
measured relative-permeability data versus saturation, which were 0.266 and 0.484,
respectively, and correspond to residual oil saturation Sor = 0.25 and residual water
saturation Swr = 0.1, respectively.

Porosities derived from the different permeability realizations through the
permeability-porosity transform in equation (1) typically range between 5 and
25 percent. Four relative-permeability and capillary-pressure curves representative
of four porosity intervals were used: 5 to 10 percent, 10 to 15 percent, 15 to
20 percent, and 20 to 25 percent. For these porosity intervals, residual water
saturations calculated from equation (2) were used to compute the relative-
permeability curves according to equation (3). For simulations 1 and 4, only one
relative-permeability curve and one capillary-pressure curve were used, based on
the arithmetic average of porosity of realization 7. The relative-permeability and
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capillary-pressure curves used in the different flow simulations are shown in figures 19
and 20, respectively.

Six numerical simulations were run (table 1), including (1) conditional
permeability realization 7 (fig. 17a), representing low continuity of permeable zones
and using a single relative-permeability and a single capillary-pressure curve based
on the arithmetic mean of porosity; (2) conditional permeability realization 7,
incorporating four porosity-dependent relative-permeability and capillary-pressure
curves; (3) conditional permeability realization 11 (fig. 17b), representing high
continuity of permeable zones; (4) unconditional permeability realization 45 (fig. 18),
representing low continuity of permeable zones assuming zero nugget; (5) kriged
permeability distribution (fig. 16), incorporating porosity-dependent relative-
permeability and capillary-pressure relationships, and (6) uniform permeability
distribution based on the geometric mean of measured permeability.

Computed water saturations of all simulations exhibited relatively sharp and
vertical injection fronts despite the large variations in permeability, initial saturations,
and capillary pressures in some simulations (table 1).

B. Simulation Results

Initial .water saturation in simulation 1 (fig. 21) is uniform calculated from
equation (2), using the arithmetic mean of porosity and assuming a reservoir height
above the free-water level of 500 ft. Initial water saturation in simulation 2 is also
calculated from equation (2), but by using variable porosity values. This results in
the uneven initial saturation distribution to the left of the water-injection front
(fig. 22). Water saturations in the flooded zones are dependent upon capillary
pressure as well as relative and absolute permeability. In simulation 1 (fig. 21) a
single capillary-pressure curve and a single relative-permeability curve (figs. 19 and
20) were used, resulting in a much smoother saturation distribution than in simulation
2 (fig. 22). Despite the relatively heterogeneous permeability distribution, the water-
injection front in both simulations is relatively sharp and approximately vertical.

Production characteristics of all six simulations are shown in figures 23 through
25. Each production curve for the different permeability realizations is characterized
by an initial peak, followed by a gentle decline and then a rapid decline. The rapid
decline represents the relatively sharp breakthrough of the water-injection front
(fig. 23). Water breakthrough is dependent on the mean continuity of permeable
zones in the stochastic permeability realizations. Water breakthrough in realization
11, representing high continuity of permeable zones, occurs earlier than that in
realization 7, representing low continuity of permeable zones. Although
unconditional realization 45 represents low continuity of permeable zones, its
mean horizontal continuity of 11.95 ft based on a zero nugget is higher.than that in
realization 11, which represents high continuity of permeable zones but has a
nugget of 0.2 md" (table 1). Higher continuity of relatively permeable zones results
in higher interconnection of these zones and thus produces higher effective
permeability than do permeability realizations characterized by low continuity
(Fogg, 1989). As a result, unconditional permeability realization 45 shows the
earliest water breakthrough because of the overall higher effective permeability.
Also, the production curve of unconditional realization 45 illustrates the highest
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Figure 20. Capillary-pressure curves used for the different waterflood simulations in
parasequence 1.
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Figure 23. Oil-production rate versus time for waterflood simulations in parasequence 1.
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Figure 24. Water-oil ratio versus injected pore volumes for waterflood simulations in
parasequence 1.
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_Figure 25. Cumulative oil production as percentage of original oil in place for
waterflood simulations in parasequence 1.

initial production rate bu* a subsequently steeper decline than production curves
from the conditional pe'meability realizations (fig.” 23). As with thé water
breakthrough, the initial prod'uction peaks of the stochastic permeability realizations
are also dependent on the mean horizontal continuity.~

The kriged permeability distribution shows a production curve similar to that
of the conditional permeability realizations. This suggests that the larger scale
permeability variation (fig. 16) controls the overall production characteristics and
that the small-scale “permeability variations incorporated into the stochastic
permeability realizations have little importance (figs. 17 and 18). In comparison,
the facies-averaged permeability distribution, which has no-spatial permeability
variation, indicates a smooth, approximately exponential production decline before
the water breakthrough, which occurs at approximately the same time as that in the
kriged and conditional permeability realizations. ’

Plotting water cut against injected pore volume shows nearly identical curves
for the stochastic permeability realizations, incorporating porosity-dependent
capillary-pressure curves (fig. 24). Simulation 1 with permeability realization 7,
incorporating a single capillary-pressure curve based on an arithmetic-mean porosity,
and simulation 6 with the facies-averaged permeability distribution, incorporating a
single capillary-pressure curve, show earlier water-breakthrough curves than those
of the stochastic permeability realizations, incorporating porosity-dependent capillary-
pressure curves (fig. 24). In comparison, the kriged permeability distribution falls
between the two groups (fig. 24). '

The sweep efficiency is improved using porosity-dependent capillary pressures,
as indicated by the cumulative oil production as percent total oil in place (fig. 25).
The waterflood simulations incorporating multiple capillary-pressure and relative-
permeability curves (simulations 2 to 5) indicate higher sweep efficiency than those
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with single capillary-pressure and relative-permeability curves (simulations 1 and 6).
Note that the sweep efficiency in simulation 5, representing the kriged permeability
distribution, is slightly lower than the stochastic permeability realizations (simulations
2 to 4), indicating that the small-scale heterogeneity causes an increase in sweep
efficiency.

C. Discussion

The effect of small-scale heterogeneity and associated capillary-pressure
phenomena on cumulative production characteristics is relatively small and accounts
for less than a 2.5 percent increase in sweep efficiency (fig. 25). For practical
purposes, the observed heterogeneity within the grainstone facies in parasequence 1
can be represented by a geometric-mean permeability distribution using an
arithmetic-mean porosity for calculating uniform initial water saturation and
concomitant capillary pressure according to equation (2). However, production-
rate history cannot be represented by a facies-averaged permeability distribution.
The kriged permeability distribution (fig. 16) yields the same production-rate pattern
as the conditional permeability realizations (fig. 23), indicating that small-scale
permeability variability has a negligible effect on the production rate and only the
large-scale permeability patterns need to be incorporated into the flow model for
history matching.

Most hydrocarbon reservoirs typically consist of several different facies or
rock-fabric units. The detailed geologic framework of the entire upper San Andres
outcrop at Lawyer Canyon (fig. 2) is more typical of the complexity of subsurface
reservoirs in a ramp-crest depositional environment than is parasequence 1 alone.
One might expect that the production characteristics of this reservoir, composed of
nine parasequences separated by discontinuous, tight mudstone layers, are more
dependent on the spatial relationship of the different facies and flow barriers than
on the permeability pattern within individual facies if significant heterogeneity does
not occur within the facies. The above flow simulations indicate that even though
permeability heterogeneity within individual facies exhibits some short-range
correlation, it can be represented by a geometric-mean permeability distribution
that, overall, yields the same cumulative production characteristics as those
incorporating the observed permeability variability. To study the effects of larger
scale features associated with the spatial distribution of different rock-fabric units
on reservoir-flow behavior, waterflood simulations of the entire Lawyer Canyon
outcrop model (fig. 2) were performed.

V. RESERVOIR-FLOW CHARACTERIZATION, LAWYER CANYON OUTCROP

A. Conceptualization of the Outcrop Reservoir-Flow Model

The geologic model of the Lawyer Canyon parasequence window (fig. 2), in
conjunction with the rock-fabric characterization of the depositional facies (fig. 9),
is the basis of the conceptual reservoir-flow model. Initial saturations for the different
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flow units were calculated using the porosity-saturation transforms for the three
rock-fabric classes (fig. 8) and average porosities. It was assumed that the grainstones
in parasequence 7, characterized by variable amounts of separate-vug porosity,
have the same porosity-saturation relationship as the nonvuggy grainstones in
parasequences 1, 2, 3, and 9 (fig. 9). The effect of vuggy porosity was accounted
for by assigning a higher residual oil saturation to the grainstones in parasequence 7.

The constructed reservoir flow model distinguishes 11 flow units that have
different average permeability, porosity, initial water saturation, and residual oil
saturation (table 2). The flow model is discretized in 4,089 irregularly shaped grid
blocks, representing the spatial distribution and the petrophysical properties of the
different rock fabrics and depositionial facies (table 2). Reservoir block sizes are
100 ft in the horizontal direction and have variable thickness in the vertical direction,
ranging from less than 0.5 ft to several feet. The constructed reservoir model
incorporates the general geometry and the spatial distribution of the different facies
mapped in the outcrop, as shown by the distribution of initial water saturation of
the discretized flow units (fig. 26).

Relative permeabilities for the different flow units are based on the shapes of

* relative-permeability curves derived from fitting relative-permeability data obtained
from cores in the Dune field, West Texas. Similar to the relative-permeability
curves in figure 19, the fitted curves were adjusted to the computed initial water
saturations and to the residual oil saturations of the different flow units (table 2).
Although the shape of the relative-permeability curves was obtained by fitting
relative-permeability measurements from grainstone cores from the Dune field
reservoir, West Texas (fig. 19), the same curve shapes were used in this study not
only for the grainstone rock fabrics but also for the grain-dominated packstone and
mudstone/wackestone rock fabrics. Only the relative-permeability endpoints were
adjusted according to the computed initial water saturations and assumed residual
oil saturations. Further investigations are in progress to characterize relative
permeability within a rock-fabric/petrophysical approach.

Capillary-pressure curves were calculated on the basis of average porosities
and rock-fabric classifications of the different flow units. In addition to the
porosity-dependent saturation-capillary-pressure relationship for grainstones (eq. 2),
the following relationships are used for the other two rock-fabric classes:

Grain-dominated packstone Sy = 106.524 h™>*%7 44 (4)

Mudstone-wackestone Sw=161.023 h™>°% ¢_1'2]04 (5)

where h is the height of the reservoir above the free-water level (ft) and ¢ is the
porosity.

In a series of waterflood simulations, various factors affecting reservoir-flow
behavior were examined (table 3) using the ECLIPSE reservoir simulator. Simulation
EC-A represents the base scenario, which is used to describe waterflooding in this
hypothetical reservoir. Production characteristics of simulation EC-A were compared
with those from other simulations to evaluate effects of capillary pressures (simulation
EC-B), model conceptualization (simulations EC-N and EC-DP), and different injection
practices (simulations EC-R and EC-F).
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Table 2. Properties of rock-fabric flow units for Lawyer Canyon outcrop reservoir model,

Porosiiy Permeability Initial :
Flow : : Depositional (arithm. (geometric water Residual oil
units . - Rock fabric facies average) average, md)  saturation - ‘saturation
1 Mudstone Flooded shelf ~  0.04 0.01 0.9 - 0.01
’ Tidal flat T , '
2 Wackestone  Shallow shelf | 0.105 0.30 0.405 0.4
"3 Grain-domin. Shallow shelf|  0.085 4.50 0.214 0.35
packstone . o ‘
4 Grain-domin. Shallow shelfll  0.129 1.80 0.40 0.35
packstone Bar top ‘ ‘ . .
5 Grain-domin.  Shallow shelf [i 0.118 5.30 0.243 - 0.35
packstone v
6  Grainstone  Shallow shelf I 0.145 0.7 0.091 ©0.40
{moldic) ’ . )
7 Grainstone Shallow shelf | 0.159 2.2 ©0.077 0.40
(moldic} Shallow shelf It
Bar crest
N Bar top
‘8 . Grainstone Shallow shelf 1l 0.23 - 2.5 0.041 0.40
{highly Bar crest :
 moldic) Bar-accretion
sets
9 Grainstone Bar flank 0.095 9.5 = 0.189 0.35
10 Grainstone Bar crest 0.11 21.3 o 0.147 0.25
Bar-accretion
: sets
11 Grainstone Bar crest 0.135 44.0 0.103 0.25
Fluid properties:
Oil viscosity 1.000 cP
Water viscosity 0.804 cP
Oil density 55 Ib/f’

Water density 64 Ib/ft’

B. Simulation Results

Waterflooding of the hypothetical Lawyer Canyon outcrop reservoir was
simulated by injecting water through a fully penetrating well along the right side of
the model and by producing from a well at the left side (fig. 26) The injection and
production rates were controlled by prescribed pressures of 4,350 psi and 750 psi,
respectively. ,

The change in computed water saturation for simulation EC-A after water
injection of 20 yr (fig. 27a), 40 yr (fig. 27b), and 60 yr (fig. 27c) demonstrates that
the high-permeability grainstone rock-fabric units in parasequences 1, 2, and 9 are
preferentially flooded. Furthermore, flooding is controlled by the relatively tight
mudstone units separating most of the parasequences. The grainstone facies in
parasequences 7 and 8 are characterized by somewhat lower permeabilities and
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Table 3. Waterflood simulations of the Lawyer Canyon outcrop model.

Model scenario

© Sim. Production Capillary Permeability
no. Grid well location pressure data
EC-A Irregular Right o Yes Facies-averaged
EC-B Irregular Right o woNo - Facies-averaged
EC-N Normalized . Right ! Yes Facies-averaged
EC-DP - Normalized Right Single Linear interpol.
: e . . between wells
EC-R  lrregular left Yes Facies-averaged
EC-F Irregular Middle © " Yes -7 Facles-averaged

Fluid properties:
Oil viscosity 1.000. cP
Water viscosity -0.804 cP
QOil density 55 Ib/ft3
Water density 64 Ib/ft3

higher porosities than those in parasequences 1, 2, and 9, owing to vuggy pore
structure (table 2); consequently, the water-injection front does not advance as far
as that in parasequence 9 (fig. 27). However, the water-injection front in
parasequences 3 through 6 appears to have advanced farther than that in
parasequences 7 and 8, although the permeability of the predominantly wackestone
rock fabrics in parasequences 3 through 6 is lower than that of the moldic grainstone
rock fabrics in parasequence 7. s

In the upper left of the model, the change in computed water saturation after
40 and 60 yr indicates cross flow of water from parasequence 9 into parasequence
7, thereby bypassing the injection front within parasequences 7 and 8. As a result,
an area of unswept, mobile oil develops in the right part of the model, as shown by
the computed water saturation distribution after 60 yr of waterflooding (fig. 28).
Although the mudstone layers, representing the parasequence boundaries, are
continuous in this area and permeability at 0.01 md is assumed to be very low,
cross flow occurs (fig. 27).

The production characteristics of simulation EC-A and the other simulations
(table 3) are shown in figure 29 (production rate), figure 30 (water cut), and figure 31
(cumulative production as percent oil in place). Comparison of the production
characteristics of the different simulations were used to evaluate various factors
affecting reservoir-flow behavior.

1. Effect of Capillary Pressure

In the first test, effects of capillary pressure were studied. Simulation EC-B
does not incorporate capillary pressures (table 3). Production rates in simulation
EC-B show a more stepwise decline with time, reflecting the flooding of the
grainstone-dominated parasequences (fig. 29). Production rates are initially lower
than those in simulation EC-A, which incorporates capillarity, but simulation EC-B
maintains higher rates after 16,000 days. The stepwise decline in production rate is
also reflected in the stepwise increase in water cut (fig. 30). Neglecting capillary
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Figure 29. Oil-production rate versus time for simulations of the Lawyer Canyon
outcrop model.
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Figure 30. Water-oil ratio versus injected pore volume for simulations of the Lawyer
Canyon outcrop model.
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Figure 31. Cumulative oil production as percentage of original oil in place for
simulations of the Lawyer Canyon outcrop model.

pressures results in a lower seep efficiency, as shown by the cumulative production
curve (fig. 31). In simulation EC-A, capillary pressure improves sweep of the less
permeable zones in parasequences 3 through 6, whereas in simulation EC-B,
waterflooding is restricted to the more permeable grainstone facies in parasequences
1,2, 7, and 9. Ultimate oil recovery of the two simulations, however, is the same
(fig. 31).

2. Effect of Mode! Conceptualization

The effect of irregular formation geometry as compared with that of normalized
formation geometry was evaluated in simulations EC-N and EC-DP (table 3). In
simulation EC-N, the nine parasequences were normalized to a constant thickness,
approximating the spatial distribution of the mapped facies (fig. 2). Production rates
are initially higher than those in simulation EC-A, but they drop off more rapidly
(fig. 29). The water-breakthrough curve for the normalized reservoir mode! (simulation
EC-N) is steeper than that in simulation EC-A (fig. 30) and shows a lower recovery
efficiency (fig. 31).

In simulation EC-DP, the reservoir model was constructed using the
permeabilities of the individual flow units at the injection and production wells and
then linearly interpolating permeability between wells using the normalized grid
from simulation EC-N. This scenario represents a typical reservoir model constructed
from well data, where the facies and permeability distributions of the interwell area
are unknown. When using well data from only the left and right sides of the
outcrop model (fig. 2), the relatively permeable grainstone facies in parasequence 9
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is not incorporated into the layered model. Furthermore, only a single relative-
permeability curve and a single capillary-pressure curve are used in simulation
EC-DP.

Initial production rates in simulation EC-DP are similar to those in simulation
EC-A but do not show: the drop off after about 16,000 days (fig. 29), which is
reflected in a less steep water-breakthrough curve than that in simulation EC-A
“(fig. 30). More importantly, sweep efficiency is overestimated in this layered model
(fig. 31). :

3. Effect of Injection Practice

Two additional flow scenarios were simulated to evaluate the effects of different
injection schemes (table 3). In simulation EC-R, injection and production is reversed
when the reservoir is flooded from the right snde Although the reservoir model and
properties are the same in simulation EC-R and in EC-A, the production characteristics
are noticeably different. Initial production rates in simulation EC-R are lower than
those in simulation EC-A (fig. 29), but they remain slightly higher after 16,000 days.
That is, at later times simulation EC-R produces at a lower water-oil ratio, which is
characterized by the water-cut curve that levels out at a lower value than that of
simulation EC-A (fig. 30). Sweep efficiency is significantly lower in simulation EC-R
than in simulation EC-A (fig. 31), indicating that the spatial distribution of permeable
grainstone facies relative to the direction of the waterflood (fig. 2) is important for
the overall reservoir-flow behavior.

Comparing the change in water saturation after 40 yr of waterflooding shows
a much larger area of unswept oil in the center of the model in simulation EC-R
(fig. 32) than in simulation EC-A (fig. 27b). More importantly, cross flow occurs on
the left side of the model toward the production well in simulation EC-R (fig. 32),
from parasequence 9 all the way to parasequences 1 and 2. Although parasequences
3 through 6 are composed predominantly of less permeable wackestones on the
left side of the model, which change to grain-dominated packstones on the right
side, cross flow does not occur in simulation EC-A (fig. 27). On the other hand,
cross flow across parasequences 3 through 6 on the left side of the model is
facilitated by the fact that the tight mudstone layers are discontinuous, whereas on
the right side they are continuous (fig. 2). However, the spatial distribution of the
higher-permeablity grainstone facies on the left part of the model in parasequences
1 and 2 (table 2, unit 10) and in parasequence 9 (table 2, unit 11) are crucial for
cross flow through parasequences 3 through 6 on the left. As indicated in simulation
EC-A (fig. 28), continuous mudstone layers do not necessarily represent flow barriers,
as shown by the cross flow between parasequences 9 and 7 in the upper right of
the model.

In the final simulation EC-F, the production well was located in the center of
the model, and an injection well was placed at either side of the model. Prescribed
pressures were adjusted in order to create the same pressure gradient between the
injection wells and production well as those used in the other simulations. As one
would expect, initial production rates are much higher in simulation EC-F than
those in the other simulations but subsequently show a much earlier and steeper
decline. However, after 16,000 days, the production rate levels off at a slightly
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higher rate than that in simulation EC-A. Similar to the reverse-injection pattern in
simulation EC-R, the water-cut curve breaks at a lower water-oil ratio than that in
simulation EC-A (fig. 30). The sweep efficiency of simulation EC-F is also lower
than in simulation EC-A, but slightly higher than in simulation EC-R (fig. 31). "~

VII. DISCUSSION

A. Implications of Outcrop Studies on Reservoir Characterization

Detailed geologic mapping of the upper San Andres Formation at the Lawyer
Canyon area, Algerita Escarpment, yielded deterministic images of geologic facies
architecture and corresponding porosity-permeability structure at scales ranging
from a foot to tens of feet vertically and a foot to hundreds of feet laterally. The
horizontal resolution of both the geologic facies mapping and the rock-property
measurements allowed for detailed deterministic characterization of interwell
“heterogeneity. The geologic mapping within a sequence-stratigraphic framework
calls for application to subsurface San Andres reservoirs in other parts of the Permian
Basin, as well as to similar carbonate-ramp systems worldwide: A companion study
is applying the general concepts derived from the outcrop study to the San Andres
Seminole field, West Texas.

Geologic mapping revealed a series of upward-shallowing parasequences
(10to 40 ft thick and several thousand feet long). Parasequence boundaries are
typically marked by tight mudstone/wackestone beds that display variable degrees
of lateral continuity ranging from several hundred feet to more than 2,500 ft. Facies
development within a parasequence can be highly variable. Generally, the thicker
the parasequence, the more laterally variable is the resultant facies mosaic.

As documented by the flow simulations, the spatial distribution of permeable
grainstone facies relative to the parasequence boundaries that show variable degrees
of lateral continuity are crucial for understanding reservoir performance. Although
it is difficult to extrapolate facies geometry in the interwell region in subsurface
reservoirs, the outcrop study provides insight into the internal architecture of
individual parasequences. Depositional processes in a ramp-crest environment
produces upward-shallowing, upward-coarsening facies within a parasequence,
starting with mudstone deposition associated with a rapid sea-level rise. Subsequently,
carbonates are deposited as wackestone/packstone facies and finally as bar-crest
and bar-flank grainstones and packstones. However, the lateral dimensions of these
facies are highly variable and may not be penetrated by wells. The grainstones
facies in parasequence 9 reaches a maximum thickness of 38 ft but quickly thins
laterally and is completely absent at the northern and southern edges of the Lawyer
Canyon parasequence window (fig. 2).

Within grainstones, permeability varies by as much as five orders of magnitude
(fig. 11). Variogram analysis of spatial permeability in grainstone facies of
parasequence 1 indicates short-range correlation but relatively high, locally random
heterogeneity, reflected in a relatively high nugget compared with the sill (fig. 14).
Similar permeability structures were obtained from the vuggy grainstone facies in
parasequence 7 (fig. 9). Flow simulations indicate that the effective permeability
within the grainstone facies can be represented by the geometric-mean permeability.
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Note, however, that porosity-dependent capillary-pressure relationships, in
combination with the small-scale heterogeneity, increase the sweep efficiency of
individual facies (fig. 25). However, the effect is relatively small and will be
outweighed by the sweep efficiency, which is largely controlled by injection practices
and by the spatial distribution of individual facies relative to parasequence
boundaries.

Reservoir-flow simulations of the entire outcrop model underscore the
importance of knowing the facies architecture between wells. Although simulation
EC-DP, representing the standard approach for a subsurface reservoir model by
linearly interpolating properties between wells, shows initial production rates similar
to those of simulation EC-A (fig. 29), the producing water-oil ratio is different. More
importantly, simulation EC-DP overestimates the cumulative oil production compared

with simulation A, which mcorporates the detalled spatial facies distribution between
wells (fig. 31).

B. Determination of Remaining Oil

The changes in computed water saturation for simulation EC-A (fig. 27) indicate
an important mechanism for bypassing unswept oil through cross flow of injected
water across low-permeability mudstones from parasequences 9 to 7. As a result,
an area of unswept oil develops within parasequence 7 because of the slower
advance of the water-injection front within parasequence 7. As shown in simulation
EC-R, where the injection pattern is reversed, the cross-flow effect becomes more
dominant and a greater area of unswept oil develops (fig. 32) than in simulation
EC-A (fig. 27b). Comparison of production characteristics between simulation EC-A
and EC-R indicates that simply changing the waterflood direction affects sweep
efficiency. This implies that the spatial distribution of facies relative to the waterflood
direction can significantly affect how the reservoir produces.

The simulations further document that although the parasequence boundaries,
represented by mudstone/wackestone units, strongly control waterflooding, these
low-permeability mudstone layers do not necessarily represent flow barriers but
can allow for significant cross flow. If, and when, cross flow occurs through these
mudstones depends on the spatial distribution of the high-permeability grainstone
facies relative to the waterflood direction.

Oil recovery in these simulations approaches 45 percent of total oil in place
(fig. 31), which is high compared with oil-recovery data of San Andres reservoirs in
the Permian Basin. However, the limitations of the two-dimensionality of the outcrop
reservoir model overestimate sweep efficiency (Fogg and Lucia, 1990). The
two-dimensionality of the cross-sectional model forces all fluid flow into the vertical
plane between the wells and thus represents only the most direct flow between the
injection and production wells. In three dimensions, flow away from the injection
well and toward the production well is represented by radial streamlines
characterized by increasing path length away from the most direct streamline between
the wells. As a result, the water-breakthrough curves (figs. 24 and 30) can be
expected to be less steep in three-dimensional scenarios.

More important are the potential effects of three-dimensional heterogeneity,
that is, possible circuitous flow paths perpendicular to the cross-sectional plane are
not accounted for in the two-dimensional model. In addition to the effects of radial
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flow paths, neglecting heterogeneity in the third dimension also tends to overestimate

sweep efficiency in the cross-sectional outcrop model. On the other hand, even
less distinct mechanisms for trapping unswept oil indicated in the cross-sectional
model may be enhanced when- considering heterogeneity in the third dimension.
However, only three-dimensional simulation- experiments can quantify these
processes. -

VIl. SUMMARY

New approaches for reservoir characterization .of heterogeneous carbonate-
ramp deposits were presented that integrate geological, petrophysical, geostatistical,
and reservoir-simulation studies of continuous outcrop of the San Andres Formation,
New Mexico. Detailed geologic mapping revealed a series of upward-shallowing
parasequences—10 to 40 ft thick and several thousand feet long—that form the
geologic framework of the reservoir model. Parasequence boundaries, typically
marked by tight mudstone/wackestone beds that display variable degrees of lateral
continuity (ranging from several hundred feet to more than 2,500 ft) were shown to
be important as potential flow barriers. To characterize the complex heterogeneity
associated with depositional and diagenetic processes on the interwell scale, geologic
and petrophysical data were collected from outerops at the Lawyer Canyon area of
the Algerita Escarpment. Detailed permeability measurements using both mini-air
permeameter and core plugs were taken at different scales to characterize the
spatial hierarchy of permeability patterns. Geostatistical analysis of permeability
measurements indicated varying spatial correlation at different measurement scales.
In all cases, however, permeability variability was characterized by substantial
random heterogeneity at local scales. : '

Conditional simulations of permeability within individual facies showed
apparent randomness owing to the large nugget effect. Waterflood simulations of
conditional permeability realizations yielded results similar to those simulations
using a geometric-mean permeability, indicating that the observed permeability
heterogeneity within facies can be represented by a geometric mean. Mean
permeabilities of most facies and rock fabrics differed significantly at the 95 percent
confidence level and can be used to represent large-scale heterogeneity in reservoir-
scale flow simulators. : :

Five basic rock-fabric units, identified in the Lawyer Canyon outcrop area,
were incorporated into a geologic model describing the spatial distribution of
depositional facies. Petrophysical parameters of these facies were derived on the
basis of a petrophysical/rock-fabric approach using mean permeabilities, porosity,
and saturation relationships characteristic of each rock fabric. Two-dimensional
waterflood simulations were performed for the outcrop model to evaluate various
factors affecting reservoir-flow behavior. The results indicated that the spatial
distribution of high-permeability facies relative to the distribution of low-permeability
parasequence boundaries, in conjunction with the waterflood direction, is crucial
for predicting reservoir performance. The study also demonstrated that areas of
unswept oil can result from cross flow across relatively low-permeability mudstone
layers.
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APPLICATION OF OUTCROP DATA FOR CHARACTERIZING
RESERVOIRS AND DERIVING GRID-BLOCK SCALE VALUES FOR
NUMERICAL SIMULATION

Liviu Tomutsa, Ming-Ming Chang, and Susan Jackson
National Institute for Petroleum and Energy Research

ABSTRACT

The objective of this study was to determine the effect of the spatial arrangement and
density of core-plug scale permeability data in deriving grid-block scale values for numerical
simulation. Various averaging techniques were applied to closely spaced outcrop
permeability datal2 to generate input permeability models used in simulations. The effect
of permeability models with varying amounts of detail, as well as viscosity ratio and grid
block size, on waterflood oil recovery was determined by numerical simulation using
BEST,3 NIPER’s improved version of BOAST, which has been shown to be adequate in
performing waterflood simulations in heterogeneous reservoirs. '

The results of this study provide a guideline for the degree of detail required for
numerical simulator input permeability models for the specific type of rocks and conditions
investigated. In the absence of the required detail, an indication of the magnitude and
direction of errors that can be expected in oil recovery prediction is given.

Two sampled outcrop areas which differed in geological and permeability characteristics
were modeled and simulated. One area, 5x10 ft, was relatively homogeneous with a
permeability coefficient of variation of 0.58; while the second area, 4x21 ft, had
discontinuous high permeability layers with contrasts of mean permeability approximately
1:50 between layers and a permeability coefficient of variation of 1.28.

The level of detail in the input permeability models ranged from one average
permeability value to the incorporation of the maximum amount of information available,
Input permeability models included: (1) profile layer models based on one vertical
permeability profile; (2) kriged permeability models with 0, 1, and 2 standard deviations
randomly imposed on the interpolated grid; (3) stochastic realizations using the indicator
kriging method; (4) the wrning bands method; and (5) a geological model containing the
maximum amount of information available from outcrop descriptions and photographs and
core-plug measurements, and considered the most-accurate representation of the rocks.

Results of this study indicate the following: (1) to predict oil recovery accurately,
greater detail in simulator input models is required when the reservoir is heterogeneous and
the viscosity ratio is adverse however, indicator kriging and turning bands methods can
adequately predict oil recovery with relatively sparse amounts of data; (2) failure to account
for the distribution of discontinuous, high-permeability sand layers will result in a
pessimistic prediction of waterflood production; and (3) the presence of small-scale
permeability heterogeneity increases dispersivity of the water front, decreases the effective

permeability, reduces fingering, and thereby improves sweep efficiency and increases oil
Tecovery.
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I. INTRODUCTION

Numerical reservoir simulation studies provide critical information for decisions on oil
well commerciality, maximum efficient rate of production (MER), overall reservoir
management, initiation of secondary recovery projects, and selection of optimum enhanced
oil recovery (EOR) processes. Without a realistic geologic and engineering reservoir
description, simulation results may be substantially in error.

Quantitative reservoir models are necessary for selecting grid block dimensions and
assigning appropriate petrophysical values to the grid blocks in reservoir simulation. The
level of detail obtainable from subsurface sampling is inherently inadequate to assign
simulation parameters accurately to predict fluid flow on the interwell scale, Quantitative
descriptions for simulation at scales less than well spacing can be obtained, however, by
combining available subsurface reservoir data with a detailed quantitative model of rock
composition and fluid flow characteristics constructed through statistical sampling and
analysis of analogous outcrops.

The need for incorporating the effect of rock heterogeneities in reservoir models had been
recognized as early as 1950 when Muskat derived analytical formulas for flow in a stratified
reservoir.4 Dykstra and Parsons® defined their well known coefficient which characterizes
the reservoir heterogeneity and estimates the waterflood sweep efficiency in a layered
heterogeneous reservoir.6 The Dykstra-Parsons coefficient, however, does not include a
spatial component of variability.

The advent of computers allowed Warren and Price” to study the effect of random spatial
distributions of permeability values on single-phase fluid flow using Monte Carlo numerical
simulators. They found that the effective reservoir permeability is equal to the geometric
‘mean of the individual permeability values.

The effect of small-scale heterogeneities on core relative permeabilities was studied by
Huppler8 who found that channel-like effects can significantly alter the measurement resuls,
Hearn? calculated pseudo relative permeabilities for stratified reservoirs with a negligible
vertical pressure gradient. Kortekaas!0 simulated flow in crossbedded reservoirs by using
pseudo relative permeabilities and found that ol trapping takes place behind the higher
permeability foreset laminae.

The geostatistical approach in various kriging interpolation schemes is often used to
generate maps of simulator input parameters (permeability, porosity, saturations, etc.) and
uncertainities in these values: however, these maps are typically smoother than the actual
distribution in the reservoir,

To reinstate the randomness existin g in a reservoir, Monte Carlo simulations have been
conducted by Smith et al.l! and Delhomel2 in geostatistical work applied to hydrology.
Recently, various methods to generate random fields have been proposed and used! to
preserve the randomness and the correlation lengths existing in an actual reservoir. A good
presentation of geostatistical theory and practice is given by Journel and Huijbregts!4 By
creating reservoir models statistically compatible with existing data and by running
numerical flow simulations on these models, a range of outputs is obtained, and an
uncertainty in the simulation results based on the input data can be computed.

A systematic approach for handling heterogeneities from small to large scale was given
by Lasseter et al.ld by using pseudo functions. They found that while small-scale
heterogeneities mainly cause oil trapping, the medium- and large-scale heterogeneities
control lateral and vertical communication and ultimate oil recovery. The use of fractals in
generating permeability distributions and predicting reservoir performance by use of
simulations was described by Hewett et al.16. The method described is based on the scale
range (R/S) analysis of porosity in a 1,100-ft-thick reservoir and lateral extrapolation of the
TESEIvoir properties by generating synthetic logs based on the observed fractal behavior.

Another method for calculating effective grid block values was presented by Begg et
al.l7, where the rock type distribution and the effect of layer geometry was stdied. They
found that the effective permeabilities of the various rock types were controlled by the length
to width ratio of the sand layers

A review of the application of various stochastic modeling techniques used to create



Teservoir representations is given by Haldorsen and Damsleth18, Before one selects one or
another stochastic modeling technique, the structure of the reservoir should be understood,
s(i.e. layer cake, jig-saw or labirinth type,Weber and Van Geuns!?), and the statistical and
spatial information regarding the reservoir rock types present should be available..

In the present work values for directional correlation lengths available from analogous
outcrop measurements and depositional environment characteristics, are used to generate
realizations of rock properties (k ,@) statistically and spatially compatible with the observed
values by means of kriging, indicator kriging2%2! and the turning bands methods22.23

A. Geological Background

A quantitative geologic model was developed for an outcrop of the upper Cretaceous
Shannon Sandstone formation, a Shelf Sand Ridge deposit that produces oil in Hartzog Draw
field, Heldt Draw field, Teapot Dome field, and many other smaller fields in the Powder
River Basin. The model was based on detailed sedimentological descriptions, laboratory
measurements of permeability and porosity in over 1,200 outcrop core plugs and statistical
analysis of the spatial distribution of permeability across the 1,000-ft-long outcrop exposure
of the Shannon Sandstone exposed around the Salt Creek anticline, north of Casper,
Wyoming (Fig. 1). The resulting model was compared with subsurface data from Hartzog
Draw field, located 40 miles away at a depth of approximately 9,300 ft. and Teapot Dome
field , located 5 miles away. at a depth of 300 ft. Sedimentological features such as grain
size, lithology, and sedimentary structures and petrophysical properties (k, g) in the outcrop
were used to determine the degree of depositional similarity. This work was reported
alvsewhcre,.l»2 Major conclusions from this work were as follows:

1. Sedimentologically defined units (facies) within the Shannon Sandstone provide a good
approximation of rock units with similar permeability characteristics in both the
outcrop and Hartzog Draw field.

2. Stratification types and sedimentary structures can be related to permeability classes in
both outcrop and subsurface and may be an appropriate unit for scaling-up to reservoir
simulation grid-block size volumes.

3. Although the magnitude of permeabilities in the outcrop and Hartzog Draw field differ
by two orders of magnitude, similar decreasing downward trends in permeability exist
through the same sequence of facies and stratification types. Decreasing permeabilities
correspond to decreasing depositional energy and indicate that the primary depositional
permeability pattern has not been totally masked by diagenesis.

A brief geological description of the two areas used in the simulation studies is
presented below.

Four units (indicated in Fig. 2) of differing lithology and bedding characteristics occur
within the High Energy Ridge Margin (HERM) facies in the outcrop studied. Area A is
located within Units 3a and 3b which consist of 1 to 2 ft thick trough cross-bedded sets,
which extend laterally for approximately 20 ft. The sand contains 5 to 20% glauconite that
is both disseminated and concentrated along cross-bed laminae. Clay drapes and limonite
clasts also occur along bedding planes and cross-bed laminae. Units 3 a and b are similar,
except for slight differences in the amount of glauconite and clay drapes present. Because of
the difficulty of coring through shale drapes, limonite clasts, and lenses, their effects on the
permeability distribution were not considered. Consequently, the model developed for this
area did not contain the total amount of heterogeneity present in the rocks.

Area B is located within HERM Unit 3d, which is a highly stratified unit that consists
of 0.25 to 0.5 ft thick trough and subhorizontal cross-beds which are glauconite-rich
alternating with glauconite-poor, finer-grained horizontal to massive bedded layers. The
glauconite-rich cross-beds have a mean permeability of about 500 md while the finer-grained
beds have a mean permeability of about 50. md. The lateral extent of these beds ranges
between 10 and 20 ft.

Analysis of the permeability data for Area A (Units 3a and 3b) indicates a relatively



sharp-peaked frequency distribution (Fig. 3a) with a mean natural logarithm permeability of
7.1 (1,215 md), a standard deviation of 0.94 and a coefficient of variation of 0.58 (table 1).
Visual comparison of the histogram for Area A with that of Unit 3a and 3b for the entire
outcrop (Fig. 3c) indicates that a similar frequency distribution exists for the two samples
even though there are a greater number of measurements for the entire outcrop (202
measurements vs. 31 measurements) This similarity indicates that the permeability
distribution in Area A is representative of the entire 1,000-ft-long outcrop.

The permeability distribution for Unit 3d in Area B is bimodal and reflects the presence
of the two stratification types and lithologies. The mean permeability of the lower
permeability group is around 12 md while the mean of the higher permeability group is
approximately 650 md, yielding a permeability contrast of ~1:50 between the layers. The
coefficient of variation is 1.28. As in Area A, histograms of the 47 permeability
measurements from Area B also indicate a similar frequency distribution as that from the 215
measurements from the same unit for the entire outcrop (Fig 3b and d), although the
distribution for the entire outcrop appears (o be less bimodal than that for Area B.

II. AREA A PERMEABILITY MODELS

Six permeability models were generated using 31 permeability values measured from 1-
in. diameter core plugs drilled from the face of the outcrop. The arithmetic average of the
samples was 1,622 md, geometric mean was 1,215 md, and the standard deviation was 946
md (Table 1). The permeability models generated ranged from a single permeability value to
the incorporation of the maximum amount of available information. Two grid
configurations were used in Area A: a 40X1X20 grid which contained grid block sizes of
0.25 ft, close to the size of the outcrop plug samples, and coarser grid of 10X1X5 grid with
grid-block sizes of 1 ft by 1 ft, constructed by assigning the arithmetic average value of 16
grid blocks (4X1X4 blocks from the 40X1X20 grid). The permeability models developed
and simulated are as follows:

1. Uniform Permeability Model. A constant permeability of 1,215 md, the
geomeltric average of permeability of the 31 core plugs, was assigned to all gridblocks. The
geometric average was selected based on simulations of permeability fields generated by
randomly sampling the permeability distribution of the measured permeability samples in
Area A. This model is the least detailed, and serves as a base case for comparison of the
other more complex representations. ’

2. Profile Layer Models. Three, five-layer models were constructed based on three
vertical permeability profiles (Table 2). The permeabilities assigned to each layer were from
actual measured values and extended across the entire area simulated. The Dykstra-Parsons
coefficients of these three permeability profiles were 0.30, 0.31, and 0.51, which indicated
relatively homogeneous permeability distributions. ‘

3. Kriged Permeability Model (K0 Model). The permeability distribution for this
model was based on the interpolation between the 31 measured core plugs in Area A. The
interpolation method used was a kriging routine which assumed isotropic correlation lengths.
This is justified by the fact that strong layering is not present, although a high-permeability
area (more than 2,000 md) is located in the central part of Area A, while permeability drops
to less than 1,000 md in the top and bottom part of the area (Fig 4).

4. Kriged Permeability plus one standard deviation noise (K1 Model). A
random perturbation was imposed on the interpolated values of permeability to compensate
for the smoothing effect due to interpolation and to preserve the random component naturally
found in permeability distributions. Natural logarithm values of permeability and the
standard deviation (946 md) were used to preserve the geometric mean of the population. A
series of random numbers ranging from -0.5 to +0.5 were generated and then multiplied by
the logarithmic standard deviation value of 6.85. This product was then added to the
logarithmic value of the interpolated grid block permeability value and reconverted to a non-



logarithm permeability value. Figure 5 shows the permeability distribution generated using
this procedure.

5. Kriged Permeability plus two standard deviations noise (K2 Model).
This model was constructed as described above, except that two standard deviations were
added to the kriged-based permeability values (Fig. 6).

6. Coarse Grid Model. Two coarse grid permeability models were constructed by
assigning the arithmetic average value of 16 grid blocks (four by four blocks in vertical and
horizontal directions) from the KO and K2 kriging-based permeability models.

L. AREA B PERMEABILITY MODELS

The permeability models, constructed on 85x1x17 grids with square grid blocks 0.25ft x
0.25ft are described below:

1. Three-layer Model. Due to the layered nature of the area and the bimodal
permeability distribution, the simplest model used in this area was a three-layer model. The
three layers have constant permeabilities of the geometric mean of the samples located in
that layer and are from bottom to top: 7, 157, and 14 md.

2. Profile Layer Model. This model is based on the permeability obtained from one
vertical profile selected from a grid, which was generated for the geological model and is
described below. Each layer has constant permeability values across the area simulated.
This model is analogous to those typically used in the field, where information from one
well is extrapolated across the interwell area (Table 3).

3. Geological Fine Grid Model. This model is the most detailed and therefore
accurate permeability representation and serves as a bench mark for comparison to the other
less detailed models. It incorporates geological information about the spatial distribution and
lateral continuity of the layers obtained from outcrop descriptions and photographs with the
101 core-plug permeability measurements (Fig. 7).

~The first step in model construction was the identification of rock types based on
sedimentary features, The following four rock types were distinguished: (1) bioturbated 200
micron sandstone with 10% clay, 15% glauconite, and 90% burrowing (Unit 3c, bioturbated
shelf-margin sand); (2) horizontal to massive bedded 200 micron sand with 5% clay (HERM
Unit 3d); (3) trough and subhorizontal stratified 300 micron sand with up to 15% glauconite
(HERM Unit 3d); and (4) bioturbated 125 micron sand with trace of clay, 2% glaaconite, and
99% burrowing (Bioturbated Shelf Sandstone facies). (See Fig. 2 for position and
thicknesses of units.) Comparison of permeability statistical parameters from the four rock
types indicated distinct permeability classes for each rock type. The top and bottom layers
are included as boundary layers and are from a different facies than the HERM facies of
interest.

The rock type of each grid block was identified from photographs, outcrop descriptions
and core-plug examination. The dimensions and distribution of the rock type/permeability
layers measured from the outcrop were used to construct the model rather than interpolating
between the data points because the layered nature of the rock was not preserved when
isotropic interpolation methods were used.

Permeabilities were assigned to each grid block by randomly sampling the permeability
distribution for that class. The measured permeability value was assigned to those 101 grid
blocks which had been sampled. This method of assigning grid-block permeability values
preserved the frequency distribution characteristics within each permeability class.

4. Geological Coarse Grid Model. A coarse-grid permeability model(21x1x4) was

generated by taking the arithmetic average of 16 neighbouring bloks from the geological
model.



5. Indicator Kriging Model. A dual rock indicator kriging model (Fig. 8) was
generated using the software package developed at Stanford.University.2! Correlation
lengths of 10 ft laterally and 0.25 ft vertically, based on both on variogram analysis.
Examination of outcrop photographs, were used to generate the spatial distribution of the
two rock types. The correlation lengths calculated were one-half the average length of the
bed sets measured from the outcrop exposure. The grid blocks for each rock type was
assigned a permeability value drawn randomly from the statistical distribution for that rock
type. The realizations were conditioned on the vertical profiles located at points 0 and 21 ft.

6. Turning Bands Model. The turning bands model used to generate unconditional
realizations of permeability (Fig. 9) was the software package TUBA23, developed at New
Mexico Institute for Mining and Technology. The same lateral and vertical correlation
lengths used in the indicator kriging model were applied here. The realizations that best
approximated the geological model were based on the Bessel and exponential correlation
functions and the log normal permeability distribution function.

IV. VISCOSITY RATIO

Two oil-to-water viscosity ratios: 2.78 corresponding (o 35° API oil gravity and 24.5,
corresponding to 20° API oil gravity were used to represent a range of viscosity ratios. The
viscosily ratios used correspond to the viscosity values at 1,000 psi, which is close to the
pressure occurring in the waterflood simulation. For comparison, cases of unit mobility ratio
and a viscosity ratio of 405 which corresponds to 10° API gravity oil were simulated. A

unit mobility ratio was obtained by assigning the same viscosity value to both the oil and
water phases. -

V. VERTICAL PERMEABILITY

Vertical permeability values were measured from cubes cut from 2-in.-diameter
cylindrical cores. Permeability was measured from the 1.4-in.-square cubes in the x (parallel
to the outcrop face), y (normal to the outcrop face) and z (vertical to bedding plane)
directions. Mean permeability values measured in the 2-in.-diameter cores were similar to
those measured in the x and y direction from the cubic samples (1,080, 1,021, and 1,099 md,
respectively), while those measured in the z direction were lower (640 md) (Table 4). The
vertical permeability values used in the simulations were represented by the relation ky =
0.00038 kp2 derived from a plot of measured vertical permeability versus horizontal
permeability.

VI. RELATIVE PERMEABILITY

Relative permeability measurements from Teapot Dome field were used in the
waterflood simulations. Teapot Dome is located approximately 5 miles from the outcrop
studied and produces oil from the Shannon Sandstone at a depth of around 350 ft. In the
absence of other relative permeability data, due to the close proximity and shallow depth of
the reservoir, and the similarity in porosity and permeability distributions!? the use of the
Teapot Dome relative permeability tables is expected 1o be a good approximation for the
outcrop simulations. In Area A, two relative’ permeability tables were used: (1) a table
generated from the measurement of a sample with permeability-to-air of 850 md was used for
rocks which have permeability-to-air above 200 md (Table 5a) and (2) a table generated from
the measurement of a sample with permeability-to-air of 56.1 md was used for those rocks
with air permeability less than 200 md (Table 5b). In Area B, the endpoints of the two
relative permeability curves were shifted from 85% to 80% for permeabilities greater than
200 md and from 72% to 50% for permeabilities less than 200 md to account for the lower
average permeabilities in Area B. The 200-md division was obtained from divisions

observed in histograms of permeability for both Unit 3a and 3b rocks as well as unit 3d
rocks (Figs.3a - d).



VII. 'INITIAL WATER SATURATIONS

Initial water saturation values were determined from the laboratory measurements of
relative permeability. In Area A, initial water saturation values of 15 and 28% were assigned
for rocks with air permeability greater and less than 200 md, respectively, while in Area B,
initial water saturations of 20 and 50%, respectively were assigned. Slightly higher initial
water saturations were assigned in Area B because of lower average permeability values.

VIII. WELL LOCATIONS AND FLOW RATES

The configuration of the simulation consisted of water injection (or source) assigned to
all grid blocks at one edge of the model and production (or sink) to all grid blocks at the
opposite edge. A constant flowrate of 5 bbl/d was applied to both wells. This flow rate is
equivalent to a velocity of 3 ft/d which is common in the waterflood process. All the pore

volume (PV) values presented in the text, figures, and tables are expressed as movable pore
volumes (MPV).

IX. SIMULATION RESULTS

. A. Waterflood Simulation of Area A

Three types of illustrations are used to analyze and compare results for 2.78 and 24.5
viscosity ratios: cumulative oil production of movable oil in place (MOIP), (Figs. 10a,b);
water-oil ratio (Figs. 11a,b), both of which illustrate production performance; and oil
saturation distributions at certain production times (referenced below), which aids in
understanding the waterflooding behavior.

1. Uniform Permeability Model

In the uniform permeability model, 1,215 md, the geometric average of permeability
from 30 outcrop samples, was assigned to each of the 800 grid blocks. Waterfloods were
simulated using two types of oil and their corresponding viscosity ratio (vp): 35° AP,
vp = 2.78; 20° APL,v; = 24.5. The simulation results of this model will be used for
comparison with the other more detailed models developed.

As expected, the oil recovery curves indicates that the higher the viscosity ratio, the
poorer the sweep efficiency, and the lower oil the recovery is (Figs. 10a,b), due to the earlier
water breaklhrough (Figs.11a,b) The low viscosity ratio case exhibits a later breakthrough
but faster increase in the water-oil ratio after breakthrough, than the more adverse viscosity
ratios of 24.5 and 40.

Oil saturation distributions for the viscosity ratio of 2.78 after injection of 0.64 PV
indicates a piston-like displacement with a slight water tongue at the bottom due to gravity
effect. The oil saturation distribution for the viscosity ratio 24.5 after injection of 0.64 PV,
appears also piston like. However, the width of the transition zone, defined as from 17%
(residual oil) to 85% (initial oil saturation) is longer and the breakthrough is earlier than for
the more favorable viscosity ratio case. The long transition zone can be considered
equivalent to viscous fingering.

2. Vertical Profile Layer Models

Three, 5-layer models weré constructed using three vertical profiles of permeability
existing in the core-plug data (Table 2). These three cases showed similar overall waterflood
performances and the lowest recovery among all models. (Fig. 10a). They also showed
similar water-oil-ratio values (earlier than all other models Fig. 11a) although some minor
differences exist. Profile model 2, which had the lowest Dykstra-Parsons coefficient (0.30),
had 3 10 5% greater oil recovery and 0.1 PV later water breakthrough . Differences of 3% in
oil production between profile models 2 and 3 which have similar Dykstra-Parsons
coefficients (0.30 and 0.31, respectively) are due to the arrangement of layers rather than the
degree of heterogeneity. The similarity of performances of the three layer models can be



attributed to the relatively homogeneous permeability distribution (coefficient of variation
0.58) in Area A. Figure 12 shows a typical oil saturation distribution for the first of the
three profile layer models after 0.64 PV of water was injected. The water fronf movement in
each layer was proportional to the permeability of that layer. The more pessimistic oil

recovery prediction for the profile models is due to the continuous channels erroneously
assumed in the model.

3. Kriged Permeability Model Without Random Components (KO model)

After injection of 0.64 pore volumes (PV) of fluid with a unit viscosity ratio, the
resulting transition zone is a relatively sharp, 1-ft wide front. An oil transition zone of
similar shape, but about 7 ft wide (Fig. 13) occurred for the 2.78-viscosity ratio case, while
for the more adverse, 24.5 viscosity ratio case, the width was greater than 10 feet (Fig.14).
The elongated shape of the front is due, in part, to the high-permeability zone in the central
part of Area A (Fig. 4) which resulted in the rapid movement of the injected water,

The effect of viscosity ratio on produced water-oil-ratio is that the longest breakthrough

time followed by a fast increase in the water-oil-ratio occurred for the lower viscosity ratio

case, whereas an earlier increase in water-oil-ratio occurs for the more adverse viscosity ratio
of 24.5.

The oil recovery from the KO model is 6% greater than that from the three profile

models (Fig. 10a) and the breakthrough time occurs at 0.8 PV compared to 0.6 PV for the
profile models (Fig. 11a).

4. Kriged Permeability Model With Random Components

The viscosity ratio has a similar effect on width of the oil saturation transition zone in
the K2 model as the KO model (Figs. 15-17). However, narrower transition zone widths
occur in the K2 model indicating that better sweep efficiency occurs with greater amounts of
small-scale heterogeneity. This relationship exists for all cases of mobility ratios simulated,
however it is more pronounced for the more favorable viscosity ratio of 2.78. ;

Comparison of production performance among the three kriged models indicates that the
highest oil recovery results from simulation of the K2 model for both viscosity ratios (Figs.
17a,b). The greatest small-scale permeability heterogeneity exhibits the most efficient
recovery. Oil recovery from the K2 model is 7% MOIP higher than from the KO model and"
3% MOIP higher than the K1 model for the viscosity ratio of 2.78. A slightly lower
difference of 5% MOIP between the KO and K2 models exists for the less favorable viscosity
ratio of 24.5. The accurate prediction of oil recovery lies within the range of oil recoveries
resulting from the simulation of the 3 kriged models for each viscosity ratio.

The benefits of small-scale heterogeneity are also illustrated in figure 18a where, for a
viscosity ratio of 2.78, the permeability model with the greatest small-scale variability (K2)
has the latest breakthrough time. This effect is due to the presence of heterogeneity which
diverts the flow from a siraight line path and thereby increases the dispersivity of the water
front. The increase in dispersivity reduces the fingering phenomena, delays the water
breakthrough and thereby improves the sweep elficiency. In the case of the less favorable
viscosity ratio of 24.5, delay in breakthrough time and the increase of water-oil ratio also
occur from the addition of small-scale heterogeneity in the permeability models (Fig. 18b).

An increase in small-scale permeability heterogeneity appears to reduce the effective
permeability and causes a larger pressure gradient at a constant flow rate. Figures 19a-c
show pressure distributions resulting from water{lood simulations of the KO0, K1 and K2
models respectively, using a viscosity ratio of 2.78. A pressure drop of 12 psi was obtained
across the 10 ft simulated for the KO model (Fig. 19a), while pressure drops of 15 and 18 psi

were observed for the K1 (Fig. 19b) and K2 (Fig. 19¢) models respectively, after injection of
0.17 PV,

S. Kriged Permeability Models - Coarse Grid

Regardless of the permeability perturbations imposed on the original kriged permeability
model, the 16-block averaging coarse grid showed similar oil saturation distributions. They
also showed similar waterflood performance with the kri ged model (KO) (Fig. 10a) for the
favorable viscosity ratio and more optimistic recovery for the unfavorable viscosity ratio



(Fig 10 b). For both viscosity ratios the coarse grid models showed a slightly earlier break
through than the five good kriged model (Figs. 11a,b). This is due to the loss of local
permeability heterogeneity in the model through the averaging procedure. :

X.  DISCUSSION

A. Viscosity ratio 2.78

In the case of the favorable viscosity ratio (2.78), a maximum difference of 11% MOIP
in cumulative oil recovery prediction occurs between the uniform permeability model and the
vertical profile layer model (vertical profile 2), while oil recoveries from the coarse-grid and
fine-grid kriged models are essentially the same (Fig. 10a). The vertical profile model
(profile 2), is 6% lower in oil recovery than the kriged model and gives a slightly
pessimistic prediction of oil recovery.

The oil recovery curve for the uniform model lies within the same 7% range of predicted
recoveries from the three kriged models. Since the range of oil recoveries from the various
kriged models is assumed to encompass the accurate prediction of waterflood recovery, the
similarity in cumulative oil recovery suggests that the uniform model, a single geometric
average value, is an acceptable representation of permeability for this area which has a
relatively homogeneous permeability distribution. ~

B. Viscosity ratio 24.5

In the case of the less favorable viscosity ratio (24.5), a maximum difference of 11%
MOIP cumulative oil recovery occurs between the uniform permeability model and kriged
fine-grid model (Fig. 10b). Since this is outside the 5% range previously discussed of the
three kriged models, the uniform permeability model is not an adequate representation of
permeability when the viscosity ratio is 24.5 as it was in the more favorable viscosity ratio
case.

The range of oil recoveries among the various kriged models is 5%, which is 2% less
than the 7% range found in the 2.78-viscosity ratio case. The lower range of oil recoveries
indicates a decreased sensitivity to permeability variation of the water flow under an adverse
mobility ratio. : :

Oil recoveries from the coarse grid model are 5% more than that resulting from the KO
model (Fig. 10b). The oil recovery curve from the coarse grid model falls within the range
of the three kriged models which suggests that the model is an acceptable represeniation of
permeability, as it was for the fine-grid model.

Waterflood Simulation of Area B

Asin Area A, three types of illustrations are used to analyze and compare results for
2.78 and 24.5 viscosity ratios: cumulative oil production of movable oil-in-place (MOIP),
(Figs. 20a,b); water-oil-ratio (Figs.21a,b), and oil saturation distributions at certain
production times (Figs. 22-33). .

Three-Layer Model

Simulations of the three-layer model with a viscosity ratio of 2.78 indicated piston-like
displacement with a sharp front due to the single, higher permeability layer. This model
exhibits the latest breakthrough and the most rapid increase in waler-oil-ratio after
breakthrough of all models studied (fig. 21a). The three-layer coarse grid model also showed
piston-like displacement; howevet, an earlier breakthrough and therefore a slower buildup of
production water-oil-ratio occurred in the coarse grid model case (Fig. 21a).

Comparison of simulation results of the fine-grid model with a viscosity ratio of 24.5
to that with a 2.78 viscosity ratio indicate a wider transition zone (Fig. 22) and less oil
recovery - 67% MOIP for the 24.5-viscosity ratio case (Fig. 20b) versus greater than 90%
MOIP for the 2.78 viscosity ratio case (Fig. 20a) after 2.5 PV water injection.

Simulation results for the 24.5 viscosity ratio, uniform coarse grid model indicate
similar results as the uniform fine-grid model except for an earlier breakthrough (Fig. 21b)
and 4% MOIP less oil recovery after 1 PV water injection (Fig. 20b).



Profile Layer Model

Three fingers were observed from the waterflood simulation for the 2.78 viscosity ratio
after injection of 0.32 PV due to the three continuous permeable layers in the permeability
model (Fig. 23). The highest permeability finger caused an early breakthrough. Distribution
after the breakthrough of a water injection of and courses a significant quantity of oil to be
left unswept in the lower permeability layers (Fig. 24).

Similar channeling and early breakthrough occurred in the 24.5 viscosity ratio case,
however, differences in viscosity ratio resulted in a 10% decrease in oil recovery. After water
injection of 1 PV, 52% MOIP was recovered for the 2.78 viscosity ratio case, whereas 42%
MOIP was recovered for the 24.5 case.

Geologic Fine-Grid Model

The permeability distribution is shown in Fig. 7 and the initial oil saturation
distribution used for simulation of the geological fine-grid model is presented in Fig. 25,
The sequence of oil saturation distribution during waterflood of the 2.78 viscosity ratio case
illustrates good sweep efficiency in spite of high permeability contrast layers because the
high permeability layers are not continuous across the simulation area (Figs. 26-29). One
continuous, 3-in. thick flow channel and another 8-ft.-long relatively high-permeability layer
caused fingering which is reflected in the oil saturation distribution after 0.32 PV water
injection (Fig. 26). The injected water flowed from these two "layers" to four other
discontinuous, good permeability layers which ranged from 2 to 11 ft. in length. This cross-
flow caused a late water breakthrough and a relatively uniform sweep that is apparent in the
oil saturation distribution after 0.85 PV water injection (Fig. 27). After water injection of
1.75 PV, most oil located between the permeable sand layers were swept out. Residual oil
was found on the top and thé bottom of the model, areas which were bypassed by the water.
In contrast to the 2.78 viscosity ratio case, waterflood results of the 24.5 viscosity ratio
showed a very early breakthrough (Fig. 21b) and therefore poor sweep efficiency. The
adverse viscosity ratio caused channeling (Fig. 28) and reduced the amount of cross-flow of
injected water which resulted in early breakthrough. The residual oil saturation distribution
after an injection of 0.85 PV is shown in figure 29 and illustrates the lower MOIP recovery

for this unfavorable viscosity ratio case when compared to the more favorable viscosity ratio
production, '

Geological Coarse-Grid Model

Comparison of the residual oil saturation distributions resulting from the coarse-grid
geologic model, 2.78 viscosity ratio case with that of the fine grid model indicates higher
saturations on the bottom close to the producer. This difference is due to the averaging
procedure which distorted the original permeability continuity. The permeability channel
close to the bottom of the producer was eliminated by the neighboring low-permeability rock
in the averaging process.

Other differences include an earlier breakthrough and higher water-oil ratio for the coarse-
grid model (Fig. 21a,b), lower ultimate oil recovery for the viscosity ratio 2.78 (Fig 20a,b)

and a higher oil recovery for the viscosity ratio 24.5 compared to the geological fine grid
model. :

Indicator Kriging Model

The permeability distributions shown in figure 8 is typical of the various realizations
generated using the 10 fi lateral correlation length and 0.5 ft vertical corrélation length.
Figure 8 shows a marked similarity to the geological model (Fig. 7). This is due both to
the choice of correlation lengths and to the conditioning of the realizations on the two
extreme vertical profiles. The high permeability zone present in the lower part of both the
geological and indicator kriging model is the main source of similar oil saturation
distributions for the two models. The indicator kriging initially overestimates the oil
production for the low viscosity ratio but after 2 PV injected, both models show the same
cumulative oil production (Figs. 20a,b). For the high viscosity ratio case, the indicator
kriging model matches the geological model for less than 0.3 PV injected but then due to
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less continuity under estimates the oil recovery. Again after 2 PV injected both cumulative
productions coverage toward 40% MOIP.,

A significant difference between the two waterfloods is in the water-oil ratio for the high
viscosity case. While after breakthrough, the geological model produces a rapid rise in WOR
the indicator kriging mode! predicts a value which increases asymptotically toward 10 (Fig.
21b). The saturation distributions after 0.32 PV and 0.85 PV for the 2.78 viscosity ratio are

shown in Figures 30-31. They show a sharper front than the geological model with a more
complete sweep behind the front. . ' '

Turning Bands Model

Although the permeability distribution generated using the Bessel function correlation
form (Fig. 9) is not as close to the geological model (which is to be expected as this was not
a conditional simulation), both the saturation distributions (Figs. 32-33) and the cumulative
oil production, (Figs.20a,b) are very close to the results from the geological model. The
Bessel function model slightly underestimates the oil recovery for the viscosity ratio 2.78
and overstimates the initial oil recovery for the 24.5 viscosity ratio. For less than 0.5 PV
injected this model behaves like the profile model but for values greater than 0.5 PV its
predictions become very close to the geological model. The similarity of the fluid saturation
distributions and recovery curves from the profile model can be traced to the presence of a
higher permeability zone in both models. As in the indicator kriging model, the geometry
of the higher permeability zone is directly controlled by the choice of lateral and. vertical
. corelation lengths. Due to the higher continuity and permeability of the high permeability

zone, the water breakthrough takes place earlier and the WOR has a higher value than in the
case of the geological model. s

DISCUSSION

Comparison of the predicted oil recovery from the simplest permeability model, the
uniform permeability model to the most detailed model, the geological model at two
viscosity ratios indicates widely different predictions in Area B. For the more favorable
viscosity ratio of 2.78, after 1 PV injection, the ratio of oil recovery from the uniform
model to the geological model is 1.3 (Fig. 20a); however, for the viscosity ratio of 24.5, the
oil recovery ratio increases to 1.9 (Fig. 20b), indicating a larger discrepancy in the oil
recovery prediction. These results suggest that the more adverse the mobility ratio, the more
detailed information is required for constructing the permeability model.

Viscosity ratio 2.78

In the case of the favorable viscosity ratio (2.78), greater oil recoveries were predicted
after 0.85 PV injection for the three-layer, fine-grid uniform model (87% MOIP) and lower
oil recovery for the profile layer model (49% MOIP), when compared to the oil recovery for
the geologic model (0.63% MOIP) (Fig. 20a). After injection of 1 PV, a 20% MOIP
difference in oil recovery still exists between the three-layer fine-grid model and the geologic
fine-grid model, while the indicator kriging model overpredicts by 12% MOIP and the
turning bands underpredicts by 4% MOIP. However, after injection of 2 PV, the oil
recoveries for the models converge toward 90% MOIP, with the exception of the profile layer
and the coarse grid geological models which converge toward significantly lower recoveries.

The similarity in production of the geologic model to that of the uniform models after 2
PV injected is due to the crossflow between the good and poor permeability sand layers in
the geologic fine-grid model. The cross-flow disperses the front of injected water and results
in increased sweep efficiency and eventually, after 2.4 PV of water injection, oil production
from the geologic fine-grid model equals that of the uniform model. The poorer production
performance of the coarse grid geological model and the profile layer model indicate that
failure to account for the random distribution of high permeability sand layers will result in a
pessimistic prediction of production.

Comparison of the fine grid and coarse grid geological models indicates that after
injection of 0.55 PV (breakthrough time) the coarse-grid geological model provides a
pessimistic prediction of oil recovery compared to the fine-grid geological model (Fig. 20a).
The discrepancy between the coarse-grid and fine-grid geological models increases to 22%
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after injection of 2 PV and is due to the creation of a low-permeability area which is left
unswept in the coarse-grid geological model. These results are in contrast to Area A, where
the predicted oil recoveries from the coarse-grid model are similar 1o those for the kriged,
fine-grid models and illustrates that more detailed permeability models are required as the
degree of heterogeneity increases. : ,

The profile layer model provides the most pessimistic prediction after injection of 0.32
PV or at breakthrough time (Figs. 20a,21a). After injection of 1.5 PV water, the difference
in oil recovery between the profile layer mode! and the geologic fine-grid model increases to
25%. Unlike the fine-grid geological model, the absence of crossflow in the profile layer
model results in a lower oil recovery.

Both the indicator kriging and the turning bands model generate results very close to
- those generated by using the geological fine grid model. This is due to the fact that both
models preserve the characteristics of the statistics (mean, standard deviation) and of the
spatial distribution (correlation lengths) of rock permeability. Although not shown in the
present work, both stochastic models will generate different spatial distributions of

permeability if other values for the means, standard deviations and correlation lengths are
selected.

Viscosity ratio 24.5

In the case of the more unfavorable viscosity ratio (24.5), at 1 PV fluid injected
simulation results from the indicator kriging, predicted the lowest oil recovery (22% MOIP),
the geological model predicted 31% MOIP and the most optimistic model was the 3 layer
- with 59% MOIP. (Fig. 20b). After injection of 2 pore volumes of water (Fig. 20b) the
three layer model predicted 62% MOIP recovery while the geological, indicator kriging and
the turning bands models predicted recoveries in the 32-37% MOIP range. Both stochastic
models and the geological model converge toward the same 40% MOIP ultimate oil
recovery. While for the more favorable viscosity ratio of 2.78, after 1 PV injection, the
ratio of oil recovery from the three layer model to the geological model is 1.3. For the
unfavorable viscosity ratio of 24.5, the oil recovery ratio increases to 1.9, indicating a larger
discrepancy in the oil recovery prediction by different models.

In both viscosity ratio cases, the fine-grid uniform model followed by coarse-grid.'

uniform model, provides the highest oil recovery predictions. However, the order of the
recovery from the fine-grid geological, coarse-grid geological and the profile layer models
differs in the two viscosity ratio cases (Fig. 20a,b).

The profile layer model is traditionally considered to be the most pessimistic input
model, and this is illustrated in the 2.78 viscosity ratio case. However, in the 24.5 viscosity
ratio case, the profile layer model as well as the other models studied,with the exception of
indicator kriging model, resulted in higher oil recovery predictions than the more accurate
geological model. These results illustrate the importance of generating a more detailed
model when the reservoir is composed of discontinuous sand layers of contrasting
permeability and the viscosity ratio is relatively unfavorable.

The difference in recoveries can be attributed 1o the adverse mobility ratio (24.5) that
enables water 1o move more easily, by a factor of 9, than oil. The movement of water
between the discontinuous high permeability layers results in water channeling rather than
the more efficient sweep created by crossflow. The water relative permeability value in the
water channels increases with flooding time; therefore, the injected water follows the existing
channel and leaves a large volume of formation rock unswept. This mechanism is illustrated
by the increased channeling in the geological model, 24.5 viscosity ratio case which is even
more pronounced than in the profile layer model.

SUMMARY AND CONCLUSIONS

1. The more heterogeneous the reservoir, the more detailed information is required for
constructing the permeability model. Knowledge of permeability and porosity statistics
and especially correlation lengths are essential in computing correct oil recovery.
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Comparison of the difference between the simplest permeability model and the most
detailed, accurate permeability model in the two areas studied varies widely. In Area A,
a relatively homogeneous area, with a permeability coefficient of variation of 0.58 and
no distinct heterogeneity, the difference between the two models is 4% MOIP for the
2.78 viscosity ratio case at 1 PV and 10% MOIP for the 24.5 viscosity ratio case at 1

PV. In this type of rock, a single permeability value was an adequate representation of
the area simulated.

In Area B, however, a layered system with permeability contrasts of 1:50 between the
layers,and a permeability coefficient of variation of 1.28, a 20% MOIP difference occurs
for the 2.78 viscosity ratio case at 1 PV and 28% MOIP difference for the 24.5-viscosity
ratio case, underscoring the importance of detailed information in models for oil IECOVETY
predictions.

The more adverse the viscosity ratio, the more detailed information is required for
constructing the permeability model. Comparison of the predicted oil recovery from the
simplest permeability model, the uniform permeability model, to the most detailed, the
geological model at two viscosity ratios indicates widely different predictions in Area B.

Both indicator kriging and turning bands models can be used to accurately predict the oil
recovery if the correct permeabilily statistics and correlation lengths are used.

Geostatistical analysis of analogous outcrops can be a valuable source of such
information.

The traditionally used profile layer model resulted in an highly optimistic oil recovery
prediction in the case of a unfavorable viscosity ratio and a highly pesimisltic prediction
for a low viscosity ratio for a reservoir with discontinuous layers with contrasting
permeabilities. Due to failure to account for the distribution of sand layers with high
- permeability contrasts.

Small-scale permeability heterogeneity increases dispersivity of the water front,
decreases the effective permeability, reduces fingering, and thereby improves sweep
efficiency and increases oil production and improves waterfloods.
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TABLE 1. - Permeability statistics of measured core plugs

Area A Area B
Permeability, Natural log Permeability, Natural log
md permeability md permeability
Sample size 31 31 47 47
Average 1622 7.10 466 5.05
Geometric mean 1215 - 156 -
Standard deviation 945.75 0.94 585.10 1.94

1Standard deviation of permeability divided by the mean of permeability.

TABLE 2. - Permeabilities (md) assigned to layers in the Vertical Profile
. Layer models in Area A

Vertical Vertical Vertical

Layer profile 1 profile 2 profile 3
1 642 64 1,563
2 1,312 2,803 1,768
3 1,982 2,970 149
4 2,504 2,805 1,098
5 799 1,508 2,069




TABLE 3. - Permeabilities (md) assigned to layers in the profile layer

model in Area B

17

3

WONOULA WN -

Horizontal

permeability

35
47
46
36
23
50
392
358
74
11
548
559
14
450
14
6
13

TABLE 4. - Summary statistics of directional permeabilities

Two-inch cylindrical

Cubic samples,

Cubic samples,

Cubic sample,

cores x direction y direction z direction (vertical)

Sample size 81 73 75 74

Average, md 1,079.51 1,020.78 1,099.12 639.52
Median, md 1,047.78 1,022.57 1,112.79 659.84
Geometric mean, md 622.78 592.53 742.52 221.22
Standard deviation, md 712.39 684.60 712.97 563.80
Minimum, md 1.92 3.44 2.73 0.78
Maximum, md 3,442.48 3,243.45 3,418.63 2,771.06




TABLE 5a. - Relative permeability for rocks with permeability
greater than 200 md Area A

Fluid Relative permeability
saturation Qil Water
0 0. 0.
0.15 0. 0.
0.24 0.03 0.01
0.30 0.06 0.02
0.40 0.18 0.04
0.50 0.37 0.07
0.60 0.58 0.11
0.70 0.83 0.17
0.76 1.00 0.31
1.82 1.00 0.31
1.00 1.00 1.00

TABLE 5b. - Relative permeability for rocks with permeability
less than 200 md Area A

Fluid Relative permeability
saturation Qil Water
0 0. 0.
0.28 0. 0.
0.32 0.03 0.0018
0.41 0.11 0.0045
0.57 0.40 0.0244
0.69 0.82 0.0481
0.72 1.00 0.0583
0.74 1.00 0.0649
1.00 1.00 0.0649
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OPTIMAL SCALES FOR REPRESENTING RESERVOIR
_ HETEROGENEITY
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Abstract

The subject of this paper is the improvement of the representation of
permeability heterogeneity in reservoir models. Two numerical studies
are presented. The first explores the effects of changes in the scale at
which permeability variations are explicitly represented—the represen-
tation scale. It shows that reservoir response may continue to change
as the representation scale is decreased, and suggests that mixing due
to sub-representation scale heterogeneity must be represented implicitly
through effective mixing parameters, such as dispersivity. The second nu-
merical study investigates whether this is possible. It demonstrates that
the effects of small and large scale heterogeneities can be represented by a
combination of explicit representation through varying gridblock perme-
abilities and implicit representation through effective mixing parameters.

However, at a given scale the effective mixing parameters may not
be able to accurately represent the effects of mixing caused by sub-
representation scale heterogeneity. If this is the case, we suggest that
the robustness of the effective mixing parameters can best be improved
by reducing the representation scale while holding the averaging scale
of the effective mixing parameters constant. The representation scale is

chosen as the maximum scale at which the effective mixing parameters
are robust.
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I. INTRODUCTION

The goal of reservoir simulation is to provide accurate models of
reservoir behavior. Often a reservoir simulator is complex enough to
match the known response of a real system, but is not robust enough
to predict the unknown future response. Since the future is where our
interest lies, what is desired is a robust reservoir simulator that can be
used with confidence in a predictive mode. Here, robustness refers to the
ability of a reservoir simulator to model a wide range of flow conditions
with the same degree of accuracy. Thus, a robust simulator can accu-
rately model not just a single, history-matched scenario, but a variety of
scenarios with different boundary conditions and recovery processes.

Often models are not robust because of problems associated with
the modeling of permeability induced mixing.12 Such mixing is tradi-
tionally modeled by the explicit representation of permeability hetero-
geneity through varying gridblock permeabilities and/or through the use
of effective mixing parameters such as dispersivity or relative permeabil-
ity. Considerable effort has been applied toward improving the explicit
representation of heterogeneities34.56 or toward the improvement of ef-
fective mixing parameters.”89.10 Although the problem of representing
permeability heterogeneities is often broken into separate problems of
explicit and implicit representation, this paper treats the problem as a
whole. This is done by determining an adequate scale for the explicit
representation of permeability.

Intuitively, the modeling of permeability heterogeneity should be
more robust as the geologic representation scale (GRS) decreases. Fur-
thermore, the amount of mixing which is not explicitly represented de-
creases with the GRS. Thus, the GRS represents a tradeoff between ex-
plicit and implicit heterogeneity representation. Because of the costs
associated with explicit representation, it is desirable to use as coarse a
GRS as possible, while retaining model accuracy and robustness. This
paper investigates issues associated with choosing this maximum, or op-

timal, GRS.

II. PREVIOUS WORK

In a field study were the number of gridblocks is clearly constrained
by computer limitations, gridblocks are often selected to delineate geo-



logic zones and oil, gas and water zones.!! If not, Coats!? recommends
determining a suitable block size by “repeated runs using fewer blocks
until resolution is lost concerning the facets of field production being es-
timated”. Unfortunately, the block size at which response resolution is
lost is somewhat subjective. Several researchers213.14,15 follow this proce-
dure for both homogeneous and heterogeneous reservoirs with a variety
of results. Warren and Price,5 and Stalkup4 investigate the sensitiv-
ity to block size by plotting the response versus block length raised to
a power. The power being an estimate of the global order of numerical
approximation. Often this plot results in a linear relation which may be
extrapolated to determine the response at zero block size. In all cases,
the response continues to change as block size is reduced, giving no clear
indication of a best block size. At best, one can choose a block size
according to some acceptable error. Warren and Price, and Stalkup’s
studies were concerned with analyzing numerical errors. In their studies,
all reservoir properties, including the GRS, were held constant as the
~ computation scale was varied. Normally, no distinction is made between
the computation and representation scales.

A different approach was used by Hewett and Behrens.2 Starting
with a very fine cross sectional representation of a fractal permeability
field, they studied changes in reservoir response due to a varying number
of model layers. This was done by performing waterflood simulations
with fewer and fewer model layers, using appropriately scaled block per-
meabilities at each level. The computational scale and the representation
scale were the same. The results were summarized by plotting the re-
sponse, oil recovery at 1 pore volume injected and breakthrough time,
versus the logarithm of the number of layers. As the number of layers
increased from one, the response steadily changed up to about 30 layers.
Increasing the number of layers past 30 had little effect, and the response
seemed to reach a constant value. The number of layers at which the re-
sponse stabilizes appears to occur rather abruptly. Hewett and Behrens
deem this the critical resolution, beyond which macroscopic media flow
properties can no longer be used.

Another study, with different results was performed by Davies
and Haldorsen.'® The fine scale was a cross section containing 150
stochastically-generated shale barriers of varying lengths and zero thick-
ness. A grid size study was performed by holding the number of layers
constant, while varying the number of columns. At each discretization
level, pseudo functions where calculated from the fine scale water injec-
tion run. They found that the water breakthrough time fluctuated and
was lower than that of the fine scale run for small block widths, eventu-
ally stabilizing and becoming more accurate as the block size increased.



They concluded that the horizontal block dimension of a coarse model
should be greater than the largest shale expected within a block.

A number of studies are based on a layered permeability model. An
early study by Testerman,17 used a downsizing procedure which grouped
individual layers into zones. The zones were defined to minimize the
permeability variation within zones and maximize the variation between
zones. The downsizing procedure was stopped, thus setting the number
of zones, when further division produced no significant improvement in
an objective function. Craig!8 performed a layer sensitivity study based
on the effluent response to steady water injection in a five spot-pattern.
At each level, layer permeabilities where defined by drawing from a log-
normal distribution at equal percentile increments. Craig found that
the accuracy of the cumulative production prediction increased with the
number of layers and time and decreased with the mobility ratio and
permeability variance. Based on a given level of accuracy, Craig recom-
mended the number of layers to be used in a study. Lake and Hirasakil?
developed a procedure for grouping layers based on the degree of cross-
flow between layers due to transverse dispersion. They found that for
sufficiently high transverse dispersion numbers, the longitudinal spread-
ing averaged over two or more layers could be represented by a single
layer with a greater longitudinal dispersion coefficient. Similar argu-
ments based on capillary crossflow and/or gravity equilibrium have been

used in multiphase studies to select the number of layers, or to justify
2D areal models.7:20

III. EFFECTS OF GRS

In this section the effects of the GRS on block permeabilities and
reservoir response are explored through an example permeability field
and transport problem. Throughout this section, it is assumed that only
permeability changes with the GRS; that is, all other model parameters
are held constant at their macroscopic levels. In addition to illustrating
the effects of the GRS, this example serves to determine the existence
of the optimal resolution observed by Hewett and Behrens when the
computation and representation scales are decoupled.

A fine scale multi-normal log-permeability field was generated on
a 128x128 grid using gaussian sequential simulation.?! The a priori log-
permeability covariance model used in the simulation was exponential
with an isotropic integral correlation range of 0.5 and a variance of 1. The



resulting realization has a log-permeability variance of 0.729. The exper-
imental variogram was anisotropic. At a lag of 0.5, the semi-variogram
reached a value of 1.12 in the x direction and 0.36 in the y direction.

A. Effects of GRS on Permeability

Several permeability fields with coarse representation scales were de-
fined from the “point” (128x128) permeabilities. For simplicity, only rep-
resentation grids of 64x64, 32x32, 16x16, 8x8, 4x4, 2x2 were investigated.
Thus, the number of representation blocks is the same in each direction,
Nyepe = Nyepy, and each coarse representation block contains the same
integral number of point blocks. The permeability of each coarse block
was taken to be the geometric average of the point permeabilities within
the coarse block. Geometric averaging is chosen because it is reasonably
accurate and simple.15:22

Grayscale images of the permeability at three GRS’s are shown in
Figure 1. These images qualitatively summarize the combined effects
of averaging and discretization. As the GRS increases, small correlated
regions of the point permeability loose distinction within the large ho-
mogeneous regions of the representation blocks.

; 128x128 16x16 2x2

>

Permeability

Figure 1: Permeability maps for GRS of (a) 128x128 (b) 16x16 and (c)
2x2. '

Statistics of the log-permeability for each GRS are shown in Fig-
ure 2. Plots of the cumulative distribution function, Figure 2a, show the
spread of the distribution about the mean decrease as the GRS increases.
Furthermore, as the GRS increases the mean remains constant at 0.258,
the minimum monotonically increases from a point value of -1.85, and the
maximum monotonically decreases from a point value of 3.11. As shown



in Figure 2b, the variance of the log-permeability decreases approximately
linearly with an increase in the representation length, L., = 1/ Nyeps.
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Figure 2: Effect of GRS on log-permeability statistics (a) cumulative
distribution function (b) variance versus representation length (c) semi-
variogram with separation vector parallel to y axis (d) covariance with
separation vector parallel to y axis.

The experimental semi-variogram and covariance of the log-
permeability for separation vectors parallel to the y-axis are shown in
Figures 2b and c¢. The GRS has a strong impact on the experimental
semi-variogram. The value of the semi-variogram, and hence perme-
ability variability, is reduced at all separation distances as the GRS is
increased. When L, is less than the range of the point semi-variogram,
approximately 1/4, the range of the coarse semi-variogram is approxi-
mately that of the point semi-variogram. Otherwise, the range of the
coarse semi-variogram is approximately equal to the L.

When L,., is less than the range of the point covariance, the coarse



GRS covariance is primarily affected at small separation distances. In
this case, the coarse GRS covariance is approximately equal to the point
covariance for separation distances greater than the representation scale.
For separation distances less than the representation scale, the coarse
GRS covariance interpolates, approximately linearly, the point covari-
ance from a separation distance of zero to Ly.,. Indeed, the coarse GRS
covariance and semi-variograms are approximately piecewise linear for
all separation distances. This linearity is a result of discretization and is
expected whenever the separation vector is aligned with one of the axes
of the representation grid.? When L., is greater than the point range,
the entire coarse GRS covariance falls below the point covariance.

The effects of the GRS on the statistical properties of spatially
averaged random fields is dealt with extensively in the geostatistics
literature.24:25,26 In particular, the effects of of sample size (representa-
tion scale) and sampling region (reservoir size) on univariate statistics are
referred to as the support effect, while the effect of spatial averaging on
semi-variogram and spatial covariance is referred to as regularization. Ru-
bin and Gémez-Herndndez276 investigated the effects of block size on the
covariance of effective log-transmissivities both through analytic stochas-
tic analysis and numerical simulation. The qualitative features of their
results are similar to those given here.

The primary effects of spatial averaging and discretization are to
reduce univariate and spatial variability. While interesting, the effects of
GRS on permeability are important only inasmuch as they impact reser-
voir response. The effect of GRS on reservoir response and its relation
to changes in permeability are discussed in the following sections.

B. Effect of GRS on Reservoir Response

To investigate the effects of the GRS on species transport, a model
transport problem was solved for each GRS. The process is that of a
non-reactive tracer flowing in a single, constant density, constant vis-
cosity phase and incompressible system. Under these assumptions, the
governing equations are:28

W

$2C + 9. (Ct)—V - (¢K-VC) =0 | (1)
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These equations are the component mass balance equation, the potential
equation, Darcy’s law, and an expression for the dispersion tensor. For
the runs in this section the dispersion tensor was taken to be zero. In

addition to the governing equations, the following initial and boundary
conditions were applied:

C(z,y,0) = 0
C(0,y,1)
%—g—(l,y,t) = 0

®(1l,y,t) = 0
®(0,y,t) = @
1 1l
EA ux(O, y7t)dy =1
uy(z,1,t) = wuy(z,0,t) =0 (5)

Thus, a fluid of unit tracer concentration is injected into a constant po-
tential inlet at £ =0 and displaces a similar fluid of zero tracer concen-
tration toward a constant potential outlet at z=1. The inlet boundary
conditions insure that potential is constant along the inlet face and that
the volumetric injection rate is unity. Thus, time is equivalent to pore
volumes injected.

This problem was solved numerically using finite differences. - The
steady-state potential equation was discretized using central differencing
(a 5-point stencil in 2D) and an iterative solution technique.2? Conver-
gence of the potential solution was based on the accumulated concentra-
tion error of each block.3? The convection-dispersion equation was solved
using a high-order, total variations diminishing, finite difference scheme3!
along with a high-throughput timestepping scheme.23

This work is concerned with improving the mathematical model
through better reservoir characterization, and not with developing cor-
rections for inadequate numerical solution techniques. To this end, the
. distinction between the mathematical model and solution technique is
made as clear as possible. This is accomplished by decoupling the geo-
logic representation from the computational scale — two scales which are
normally paired in a common gridblock size. Unless otherwise specified,
a computational scale of 256x128 is used for each simulation run, even
though the GRS changes from 128x128 to 2x2. This is done to hold the



numerical errors approximately constant while the GRS is varied, thus
isolating the effects of the GRS.

Grayscale images of the concentration at 0.5 pore volumes injected
are shown in the top row of Figure 3, for three representation scales.
These images show that the large features of the point GRS concentra-
tion front are preserved at a GRS of 16x16 but are completely lost at
a GRS of 2x2. However, the 16x16 GRS front appears somewhat less
smooth than the point front and has different small scale features than
the point front. The bottom row of Figure 3 displays the average concen-
tration profiles at time intervals of 0.1 pore volumes injected for the same
three GRS’s. The average concentration, C(z,t) = —51; fOLy C(z,y,t)dy, is
the equivalent concentration of a 1D system. These profiles further indi-
cate the similarity between the 128x128 and 16x16 GRS runs, and their
dissimilarity to the 2x2 GRS run. Furthermore, the irregular charac-

ter of these profiles indicates the inappropriateness of an equivalent 1D
convection-dispersion model.
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Figure 3: Effect of GRS on reservoir response using a 256x128 computa-
tional grid. (a) tracer concentration maps at 0.5 pore volumes injected

(b) profiles of concentration averaged in the y-direction at 0.1 PVI time
intervals.

The time evolution of the concentration profiles is summarized by a
plot of the mixing zone width versus time, shown in Figure 4a. Here the
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mixing zone is defined as the distance between average concentrations of
0.1 and 0.9. For early times, the mixing zone grows approximately lin-
early with time, indicating flux-induced mixing! (anomalous diffusion)32.
The length of the mixing zone, and hence the amount of convective mix-
ing, is smallest for the 2x2 GRS and exhibits a maximum for the point
GRS. There are, however, times when the coarse GRS mixing zones are
larger than that of the point mixing zone.

Figure 4c shows the effluent concentration profiles for each GRS.
The effluent profile of a purely homogeneous reservoir with no dispersion
would jump from zero to one at one pore volume injected, with more het-
erogeneous reservoirs displaying greater spread and earlier breakthrough
times. The effluent profiles for the coarser GRS’s have less spread than
the point GRS, indicating a less heterogeneous system. However, as with
the mixing zone, the results are somewhat ambiguous. For example, the
2x2 GRS reaches a concentration of 0.82 before the point GRS, while the
8x8 GRS reaches that concentration after the point GRS. The cumula-
tive tracer production plots shown in Figure 4b are less ambiguous. The
cumulative tracer production at any time increases monotonically with
the GRS, with the coarser GRS’s having more homogeneous character.

Figures 4d-f best illustrate the effects of GRS on the reservoir re-
sponse. In these plots, a singe value which characterizes the response
in some way is plotted versus the representation scale. Figures 4e and f
plot the same responses as Hewett and Behrens: cumulative production
at one pore volume injected and breakthrough time. Hewett and Behrens
observed a critical resolution where the response did not change as the
number of representation/computation layers increased (about 30). The
cumulative production at 1 PVI does not show such a critical resolu-
tion. Indeed the cumulative production at 1 PVI varies approximately
linearly with L,.,, continuing to vary at all representation lengths. For
the 256x128 computational grid the breakthrough time also varies mono-
tonically with L,.,. However, the rate at which the breakthrough time
changes with the GRS decreases significantly below the 32x32 GRS. Fur-
thermore, when a 128x128 computational grid is used the breakthrough
time is greater for the point GRS than for the 64x64 GRS. Finally, Fig-
ure 4d shows the error in the efluent curves of the coarse GRS runs. The
effluent error was calculated as the overall area between the coarse GRS
effluent curve and the point effluent curve: f3° |Chga5108(1,1) — C (1,1)| dt.
Like the cumulative production at 1 PVI, the effluent error also varies

approximately linearly with L.
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TFigure 4: Effect of GRS on reservoir response using a 256x128 compu-
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tive tracer production at 1 pore volume injected (f) tracer breakthrough
time using 256x128 computational grid and 128x128 computational grid.
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C. Discussion

The results of this experiment are not too surprising. As the GRS
decreases, the log-permeability variance and measures of convective mix-
ing continue to increase, while the correlation range remains relatively
constant. The decrease in variance is a consequence of the spatial aver-
aging of a spatially correlated variable and the discretization of a spa-
tial variable in a finite region. The increase in convective mixing can
be attributed to increased permeability heterogeneity. The impact of
permeability heterogeneity on reservoir response can be quantitatively
summarized by the heterogeneity index, HI = o2L,, where o2 is the vari-
ance of the log-permeability and L, is the range of the log-permeability
in the mean flow direction.33,34 Unlike, some traditional measures of per-
meability heterogeneity which do not consider spatial correlation,35:36 the
heterogeneity index reflects both the size and variability of high and low
permeability regions. As the GRS decreases the log-permeability vari-
ance increases, thus increasing the permeability heterogeneity and the
amount of convective mixing. This view of the relationship between the
permeability heterogeneity and the reservoir response is supported by
similar character of the plots of log-permeability variance, effluent error,
and cumulative production at 1 PVI versus the representation length.

The continuing change in reservoir response with GRS is particu-
larly true for a layered geologic model. Under the same governing equa-
tions and boundary conditions used in this section, the breakthrough
times of each layer are directly related to the univariate permeability
distribution.36 In general, as the number of layers increases, the dis-
crete/layer permeability distribution should approach but never equal
that of the continuous/point permeability distribution. However, there
are exceptions. If the point permeability was spatially uncorrelated, spa-
tially averaged layer permeabilities would, in theory, always yield the ex-
pected value of the point permeability. Thus, there would be no change
in the model response as the number of layers changes.

The character Figures 4d and eis very similar to the plots of response
versus computational block length for homogeneous systems, except that
mixing is increasing rather than décreasing. Indeed, modeling the point
GRS by a coarse GRS can be viewed as neglecting a low order term in
the governing equations. Just as the manner in which the numerical error
changes with block size depends on the numerical technique, the manner
in which the representation error changes depends on the method for
calculating block permeabilities.

The critical resolution observed by Hewett and Behrens was not
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observed in this study. Possible explanations for their observation of a
critical resolution is their coupling of the numerical and computational
scales, the significant anisotropy of their permeability field, and their
varying only the number of layers while the number of blocks parallel
to flow was held constant. Indeed, the number of layers at the critical
resolution (30) was on the order of the number of blocks parallel to flow
(20). In this study, the representation length at which the rate of de-
crease in the breakthrough time with GRS changes significantly (0.4) is
approximately the equal to the separation distance at which the x and y
directional semi-variograms no longer coincide (0.5).

IV. MODELING SUB-REPRESENTATION SCALE
HETEROGENEITY

The possibility that a finite GRS model may be in error, regard-
less of the representation scale, suggests the use of effective properties
to improve model accuracy. As demonstrated in the preceding section,
the error existing at a finite GRS is due to inadequate representation
of permeability heterogeneity and consequently, inadequate representa-
tion of convective mixing. For miscible transport, small scale convective
mixing traditionally modeled through dispersivity. In this section, a nu-
merical experiment is performed to determine if mixing due to small and
large scale heterogeneities can be modeled by a combination of explicit
representation through a discrete geologic model and implicit representa-
tion using dispersivity. This experiment also serves as an introduction to

the use of non-represented permeability to determine mixing parameter
robustness.

A. Uncorrelated, Layered Permeability Experiment

To investigate the separation of permeability representation into ex-
plicit and implicit components, a stylized geologic model was constructed.

The point log-permeability of this model is the sum of a spatially uncor-
related field and a layered field:

K = K]+ Ky (6)

where & is the combined/point log-permeability, x; is the layered
log-permeability, and &, is the spatially uncorrelated /white-noise log-
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permeability. The layered field was constructed by randomly drawing 8
log-permeabilities from a normal distribution with a variance of 1 and a
mean of 0. The white-noise field was constructed by randomly drawing
log-permeabilities from a normal distribution with a variance of 0.5 and

mean of 0 on a 128x128 representation grid. The realization statistics
are summarized in Table 1.

Table 1: Summary of layer,white-noise and point realization log-
permeability statistics.

| | Layer | White-Noise | Layer+White Noise |
Mean 0.00 -0.02 ' -0.03
Variance 0.50 0.57 1.09
Minimum | -2.39 -1.21 -3.59
Median 0.00 0.05 -0.06
Maximum | 2.59 1.44 3.77

Grayscale images of the point permeability field and its component
fields are shown in the top row of Figure 5. Because the model perme-
abilities are constant over large regions, the permeabilities are spatially
correlated for separation distances up to the representation length. In-
deed, the white-noise model permeabilities are actually spatially corre-
lated up for separation distances up to 1/128 in the x and y directions.
Similarly, the layer permeability is perfectly correlated in the x-direction
and correlated for separation distances up to 1/8 in the y-direction.

Simulations of flow through the point permeability field and each
of its components were performed using the same governing equations,
boundary conditions, and numerical techniques as in section ITL.. A
128x128 computational grid was used for all simulations in this section.
Grayscale images of the concentration at a time of 0.5 PVI are shown
in the middle row of Figure 5. These images illustrate the character of
the mixing induced by each permeability field. The concentration front
of the layered permeability is dominated by 8 large fingers of various
sizes corresponding to each permeability layer. The concentration front
of the white-noise permeability, however, is composed of a large number
of fingers of similar transverse and longitudinal dimensions. The front
of the point permeability is dominated by the same large fingers as the
layered model, but is also affected by the white-noise permeabilities—
particularly by the crossflow they induce. The relative impact of the
component permeability fields on the response of the point permeability
field is further demonstrated by effluent concentration and cumulative
tracer production plots, top row of F igure 6.
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Figure 5: Point, layer, and white-noise maps and profiles (a) perme-
ability maps (b) tracer concentration maps at 0.5 pore volumes injected

(c) profiles of concentration averaged in the y-direction at 0.1 PVI time
intervals.
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Analysis of the transverse average concentration indicates the gen-
eral character of the mixing induced by each of the permeability fields.
The bottom row of Figure 5 shows the average concentration profiles at
0.1 PVI time intervals for each permeability field. The point and layered
permeability field have complex profiles which could not be represented
by a 1D convection-dispersion model. However, the profiles of the white-
noise permeability field have the distinct complementary error function
shape which can be represented by a 1D model with a dispersion term.

The (z — vt) versus t plots in the middle row of Figure 6 describe
the movement of a particular average concentration with time. The form
of these plots derives from the analytic solution of the 1D convection-
dispersion equation and the analytic solution of the purely convective
layered reservoir problem. An approximate solution of the convection-
dispersion equation under these boundary conditions is:28

1 x — ot A
= —erf
C 2erc(9 I{t) (7)

from which,

2. — vt = [2erfc? (20)VE]| Vi (8)

where z. is the location of a concentration C' at a given time ¢ and v is
the fluid velocity (u/¢). Thus, (z — vt) varies linearly with the square
root of time. For a layered system under boundary conditions describe

by Equations 5, an average concentration moves at a constant velocity,
thus:

T = Ut (9)

from which
z. — vt = (v, — V)t (10)

where v, is the concentration velocity. In this case, (z —vt) varies linearly
with time. As expected, Figure 6c shows (z — vt) varying linearly with
time for the layered system and approximately so for the point perme-
ability field. Such is not the case for the white-noise permeability field,
where (z—uvt) plots linearly versus the square root of time, Figure 6d. The
mixing zone width is the distance between (z—wvt) for 0.9 and 0.1 con-
centrations; that is, Ly = (209 — vt) — (2o — vt). Figure 6e shows the

It may be possible to represent the layered system behavior with a homogeneous

model and a relative-permeability like function, but only for flow under the same
boundary conditions.37
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mixing zone width for the point permeability field falling slightly below
the layered system. Thus, the addition of small scale heterogeneity to the
layered system causes transverse mixing between layers which decreases
the impact of longitudinal mixing.

1. Matching White-Noise Results

As indicated by the plots for the white-noise run, the behavior of the
average concentration can be modeled by an equivalent homogeneous sys-
tem and dispersion tensor. The longitudinal dispersivity for this system
was estimated to be 0.0020 through analysis of the effluent concentration
of the white-noise run.3® Using this dispersivity, both the concentration
profiles and the effluent concentration profiles are closely reproduced by
a 1D convection-dispersion model. The transverse dispersivity for the
homogeneous system was estimated to be 0.00015. The transverse dis-
persivity was found by simulating a flow problem through the white-noise
permeability field which differed from the first run only in the inlet con-
centration boundary condition. In this case, the inlet concentration was
specified to be 1 for y € (0,0.5) and 0 for y € (0.5,1). After injecting
approximately 1 pore volume, the concentration in the system remains
constant. The transverse dispersivity was found by analyzing the concen-

tration profile at the outlet in a manner similar to that used for efluent
concentration. ‘

2. Matching Point Results

Because the white-noise response can be modeled using lumped pa-
rameters, 1t seems likely that the point response can be modeled using
lumped parameters in conjunction with a layered permeability model.
To determine if this is so, an attempt was made to build such a model.
Initial attempts at matching the point response by adjusting the disper-
sivities of the original layer model indicated that some adjustment of the
layer permeabilities was necessary. Hence, new layer permeabilities were
calculated using the velocity field of the point model. Each new layer per-
meability was found such that the effluent volumetric flow rate of each
layer matched that of the point model. The maximum percentage change
in a layer’s permeability was 6 percent. Using these permeabilities, non-
linear regression was used to to determine the optimal longitudinal and
transverse dispersivities. The regression minimized the effluent error, as
defined in section III., between the point and layered models. The re-
gression gave a value of 0.002168 for the longitudinal dispersivity and
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0.000152 for the transverse dispersivity.

Figure 7 shows a comparison of the point model response and the
layer/dispersivity model response. The match is close, but not perfect.
An improved match could probably be obtained by determining the layer
permeabilities through regression.
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Figure 7: Comparison of original layer+white-noise model response to
the layer&sdispersivity model response (a) average concentration profiles
(b) effluent concentration (c) mixing zone width (d) (z, — vt).

B. Discussion

The results of this experiment indicate a successful, though not per-
fect, attempt at representing large and small scale heterogeneity using a
combination of explicit (layer permeabilities) and implicit (dispersivities)
representation. Moreover, the longitudinal and transverse dispersivities
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calculated from simulations through the white-noise permeability field
are approximately equal to the dispersivities needed in conjunction with
the layered permeabilities to match the simulation through the point
permeability field. The longitudinal dispersivity needed to model flow
through the white-noise field can also be estimated from the covariance
of the white-noise log-permeability.22:39.4¢ Under various assumptions, the
asymptotic longitudinal dispersivity for steady flow through a stationary
permeability field is given by: ‘

ap = /0°° C.(@a) da (11)

where 4 is the mean velocity. The covariance of the. white-noise log-
permeability in the x-direction is o2 at & = 0 and decreases linearly to
0 at h = L,e,, remaining 0 for A > Lyep. In this case, the integral in
equation 11 is the area of a triangle and a; = %UﬁLrep = 0.0019. This
value is close to that determined from the simulations. The values of the
various dispersivities are summarized in Table 2.

Table 2: Summary of Calculated Dispersivities

| | an R
Point Response Regression | 0.002168 | 0.000152
White-Noise Response 0.0020 0.00015

White-Noise Covariance 0.0019

1. Non-Represented Permeability

The relationship between the white-noise permeability and the dis-
persivities used in conjunction with the layered permeability indicate
the usefulness of separating the point permeability into its represented
(layer) and non-represented (white-noise) components. A general model
for separating the permeability into its components is:

k(z) = k(2)kn,(z)
k(z) = ko(2) + () (12)

where k(z) is the point permeability, k.(z) is the represented perme-
ability, and kn,(z) is the non-represented permeability. This model is
similar to ones used in geostatistics and stochastic analysis of effective
properties which separate a random field into its estimated or expected
value and a fluctuation.?4:22 It also related to the series representation of
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a random variable as the series of component random variables.41:24,32 If
the non-represented and represented permeabilities are uncorrelated, the
covariance of the non-represented can be determined from the point and
represented log-permeability covariances.

Cu(h) = Covlk,(z) + £pe(z), b0 (T + ) + Kpe(z + 1))
= Cx (k) + Cx..(h) if Covlk,(2),kn(z+R)] =0 (13)

When appropriate, this relation may be used with Equation 11, to
estimate the asymptotic longitudinal dispersivity associated with non-
represented permeability:

o, = [ (Culk) = C.,(h)) dh (14)

The explicit separation of the point permeability into represented
and non-represented components is appealing because it gives a concrete
meaning to what is being represented by the effective mixing parame-
ters. The experiment of this section suggests that the non-represented
permeability can be useful in analyzing the robustness of effective mixing
parameters and perhaps in estimating value of the parameters. Indeed, it
is unlikely that a coarse model, consisting of effective mixing parameters
and represented permeability, could robustly represent the point perme-
abilities if flows through the non-represented permeabilities could not
be represented by effective mixing parameters. Thus, the difficult prob-
lem of determining whether a point permeability field can be represented
by a given coarse permeability fleld and effective mixing parameters is
transformed into a simpler, more restrictive problem.

2. Robustness of Non-Represented Permeability

The simpler problem is that of determining whether a point per-
meability field can be represented by a homogeneous permeability and
effective mixing parameters. This problem is a common one and is the
subject of on going research. In particular, much work has been con-
ducted on determining whether the spreading characteristics of tracer

flows through heterogeneous permeability fields can be represented by
~ dispersivities.22:42,39,1,232,40 This research and field studies indicate that
the longitudinal dispersivity necessary to characterize the spread of a
front or a plume, may continue to change with distance traveled (time).
If, however, the spatial correlation of the permeability field is finite the
longitudinal dispersivity should reach a constant value after traveling sev-
eral correlation lengths, perhaps asymptotically. In this case, the spread
of a front could be correctly modeled by a finite dispersivity for all travel
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distances greater than some multiple of the correlation length. For all
travel distances less than this multiple of the correlation length, the front
spread would be incorrectly modeled by a finite value.

Within a finite system, the dispersivity may or may not reach a
constant value by the time a front has traveled the length of the sys-
tem. If the dispersivity has not reached a constant value, the effluent
concentration may be approximately modeled by a constant dispersivity.
However, this dispersivity would only be valid for a particular system size
and boundary condition. At early times, before the front has traveled
across the system, the amount of spreading predicted by a constant dis-
persivity could be severly in error. If the flow direction were to change at
a time when the front spread is in error, the error would persist. Thus, the
sooner the dispersivity reaches its asymptotic value, the less sensitive the
model is to changes in boundary conditions. A model of a finite system,
should become more robust as the correlation length of the permeability
represented by dispersivity becomes smaller.

The ability to represent the mixing induced by a particular perme-
ability field using dispersivities depends on the character of the perme-
ability field. For permeability fields whose statistical character is known,
it may be possible to determine the robustness of a dispersivity model a
priori by comparing the correlation length to the system length. If sta-
tistical analysis alone is not adequate, the spreading character induced
by the permeability field can be determined by flow simulations. As dis-
cussed above and elsewhere, examining the efluent concentration alone
is not a good indication of model robustness.42:2.1 Instead, it is important
to examine the rate at which a front or plume changes with time. As
always, such flow simulations will contain errors due to numerical and
geologic discretization. )

V. OPTIMAL REPRESENTATION SCALE

The first experiment showed that an optimum GRS cannot generally
be defined by a straightforward analysis of model response versus rep-
resentation scale. The second experiment supports the common belief
that a fine scale permeability field can be represented by a combina-
tion of explicit representation and representation through effective mix-
ing parameters. However, if the spatial correlation of the non-represented
permeability is large with respect to the system size, this scheme proba-
bly will not work. Fortunately, the results of the firs experiment show
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that the correlation length of the non-represented permeabilities can be
reduced by decreasing the representation scale. At a sufficiently small
GRS, mixing induced by non-represented permeabilities can be repre-
sented robustly by effective mixing parameters. Hence, this work defines
the optimal representation scale as the largest scale at which the effective
mixing parameters are robust.

The success of this method for choosing a GRS and constructing a
robust permeability model depends on a number of things. Primarily,
the spatial correlation of the non-represented permeability must decrease
with the GRS. In addition, it is important to have a good scheme for
determining the explicit permeability representation. Not so much for
improving model robustness at the optimal GRS, but because it allows
for a larger optimal GRS. Other issues and possible complications are
discussed below.

A. Awveraging Volume for Effective Mizing Parameters

In section IV., a single longitudinal dispersivity was used to model
the mixing behavior through the non-represented permeability field.
The robustness of the dispersivity was determined by analyzing a con-
centration averaged across the entire system, C'(z). Consider a con-

centration which is averaged over a smaller distance, Cr,,,(z,y,t) =

Turs fy+f:u"gg//22 C(z,a,t)da. As Ly, decreases from L, to Lrep = 1 the

size of the fingers in the white-noise field, Figure 5b, become large Wlth
respect to L,. As a consequence, the behamor of OLaug (z,y,t) can no
longer be modeled with a dispersivity. The reason for this is that the
permeability correlation scale has become large compared to the averag-
ing scale. As such, an individual permeability low path or barrier is more
likely to significantly affect the average concentration. Consequently, the
average concentration is less predictable, more variable, and more diffi-
cult to model. Similar discussions on the relation to averaging volumes
~and variability can be found elsewhere.42:43

Consider, then, the commonly used procedure whereby a different
effective parameter is defined for each representation block.?:4445 Most
often, block effective parameters are defined to match flow behavior
through a representation block from a fine scale simulation. The idea
is to develop model robustness by matching as closely as possible the
mixing occurring in each block. Unfortunately, if the correlation scale
of the permeability is on the order of the representation scale or larger,
the mixing behavior occurring within an individual block is not robustly
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modeled by a dispersivity. Hence, the coarse model has a different dis-
persivity for each block, none of which is accurate (able to match a single
response) or robust (able to model under various flow conditions with the
same accuracy). The only hope is that the errors occurring within each
block are not systematic; thus, canceling one another through the coarse
of a simulation. Because heterogeneity is likely to exists at all scales, the
situation is likely to get worse as the representation scale decreases. That
is, the number of individual dispersivities will increase, without necessar-
ily increasing their robustness or the robustness of the model as a whole.
This partially explains the behavior observed by Davies and Haldorsen,!6
where the model only became accurate when the representation scale
increased beyond that of the largest shale.

The use of a single dispersivity for the entire model has several
advantages. First, it results in a simpler model. Next, the accuracy
and robustness of the dispersivity increases as the representation scale
decreases. This, is of coarse, crucial to applying the definition of the
optimal GRS. Finally, the robustness of the dispersivity is an indication
of the robustness of the model as a whole. The disadvantage of using
a single dispersivity is that its determination may require regression.
However, the non-represented permeability may be useful in that regard.
Spatially, varying effective mixing parameters should only be necessary
if the non-represented permeability is not statistically homogeneous.

B.  Multi-Phase Flow, Diffusion

The term effective mixing parameter is used in this paper to empha-
size that much of the discussion about the representation of permeability
heterogeneity should be applicable to processes other than tracer flow.
The primary feature of multi-phase flow is that functions, rather than
scalar parameters may be employed in matching fine scale results. Thus,
a single fine scale simulation can often be matched. The, danger then
is to confuse the ability to match a single scenario with model robust-
ness. Ideally, the robustness of a relative permeability could be deter-
mined by examining ,t diagrams of flow through the non-represented
permeability.2 Whether such a test of robustness is valid is not known.

Diffusion was assumed to be zero in both of the studies performed
herein. Large amounts of diffusion lessen the growth of convective fingers
due to heterogeneity by causing mass transfer between convective fingers
and adjacent zones.21® For a finite diffusion coefficient, the importance of
the diffusion term depends on the flow rate. The higher the flow rate, the
less important the diffusion term, and the greater the size of convective
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fingers due to heterogeneity. Thus, a large amount diffusion should ease
the representation of permeability heterogeneity. However, because this
effect depends on the flow rate, the highest flow rate expected in the
reservoir should be used when determining the GRS.

VI. CONCLUSIONS

¢ When holding all reservoir parameters but permeability at their

point values, reservoir response may continue to vary as the GRS
decreases.

o The optimal GRS is defined as the maximum scale at which effec-

tive mixing parameters robustly represent sub-representation scale
heterogeneities.

¢ The non-represented permeability is useful in determining the ro-

bustness of effective mixing parameters and perhaps in determining
their value.

e The optimal GRS is primarily a function of system size.

¢ The use of a single effective mixing parameter, averaged over the
entire system, helps to simplify the model. It also insures that the

effective mixing parameter will become more robust as the GRS
decreases.

The second to the last conclusion depends on the spatial correlation scale
of the non-represented permeability being approximately the same as the
GRS. The final conclusion depends on the non-represented permeability
being statistically homogenous for small representation scales. If this is
not the case, it may be necessary to use different methods to calculate

block permeabilities and/or allowing for spatially varying effective mixing
parameters.
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DETERMINING ORIENTATION AND CONDUCTIVITY OF
HIGH PERMEABILITY CHANNELS IN NATURALLY
FRACTURED RESERVOIRS

H. Kazemi
Marathon Oil Company
- Littleton, Colorado

A. A. Shinta
Colorado School of Mines
Golden, Colorado

SUMMARY

All reservoirs are likely to contain natural fractures. These
fractures, in general, do not form an interconnected network, but they
do affect primary production and the displacement of oil by water,
gas, or other displacing agents. To improve the displacement
efficiency of the secondary and tertiary oil recovery processes, we do
need to know fracture orientation and conductivity in a reservoir, both
locally and globally. Once these information become available,
remedial measures to improve oil recovery can be accomplished
more prudently. ,

In this paper, two techniques to determine the effective
orientation and conductivity of fractures in the drainage area of a
cluster of wells will be presented. One technique is the classical
pressure interference testing and the second technique is the use of
chemical tracers. Tracer techniques should provide more resolution
than the interference testing. Mathematical models will be presented
for both applications.

The mathematical model for the tracer response analysis is
new and uses a simple and flexible matrix-fracture transfer function.
The computer code for the model executes one to two orders of
magnitude faster than the conventional dual-porosity/dual-
permeability formulations. Furthermore, two different nine-point finite
difference schemes are used to appropriately account for the flow
channeling and the permeability tensor.

I. INTRODUCTION

Folding, faulting, and subsidence of sediments over geologic
time cause fracturing. The more brittle the rock, the more intensely it
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fractures. Carbonate reservoirs are typically more fractured than
sandstone reservoirs for this reason. Solution enlargement of the
pores near fractures is possible, as is also partial or full sealing of
fractures by mineral precipitation.

Natural fractures affect all phases of petroleum reservoir life
from the accumulation of oil to the techniques used to manage oil
production. Although fractures were known since the 1860's to exist
in many oil reservoirs, it has only been in the last thirty or forty years
that a significant interest in the effect of fractures on oil production
has emerged. .

Naturally fractured reservoirs are generally classified as "dual-
porosity” where one porosity is associated with the matrix (reservoir
host rock) and another porosity represents the fractures and vugs. In
dual-porosity oil reservoirs, fractures provide the main path for fluid
flow from the reservoir, then oil from the matrix blocks flows into the
fracture space and the fractures carry the oil to the wellbore. For
water-wet reservoirs, when water comes in contact with the oil zone,
water imbibes into the matrix blocks to displace oil. Combinations of
large flow rates, low matrix permeability, and weak imbibition result
in water fingering through the fractures into the wellbore. Once
fingering of water occurs, the water-oil ratio increases to large
values. In oil reservoirs containing free gas, gas fingering and high
gas-oil ratio could also be expected.

Fractured reservoirs come in a wide variety of rock mineralogy
(carbonate, diatomite, granite, schist, sandstone, shale and coal),
porosity, and permeability. Carbonates include limestone, dolomite,
and chalk. Fractured limestones are prevalent in the giant and prolific
fields of the Middle East. Fractured dolomites are exemplified by the
San Andres formation in many West Texas fields and fractured
chalks are found in Texas (Austin Chalk), North Sea (Ekofisk), and
other parts of the world. Fractured sandstone/siltstone is typified by
Spraberry Field in Texas and diatomite is the rock mineralogy of a
producing formation in the Belridge Field in California. Fractured
Monterey formation in coastal California is composed of chert,
dolostone, porcellanite and organic-rich marl.

The presence of open fractures, the degree of fracture
interconnectedness, and permeability anisotropy significantly affect
the mechanisms responsible for oil recovery from the matrix. Viscous
displacement of oil by water or gas in the matrix is often not very
significant because only very small pressure gradients are generated
across the individual matrix blocks that are surrounded by fractures.
Solution gas drive, gravity drainage, and water imbibition are the
most prevalent recovery mechanisms, but depending on the effective



size of matrix blocks much of the oil can remain in the matrix. And,
this remaining oil is the target for improved oil recovery.

Many old and new ideas are being applied or considered for
producing the unrecovered mobile oil from fractured reservoirs.
These include the use of horizontal wells, infill wells, pattern
realignment, conformance improving gels and foams, surface active
agents for wettability alteration, dilute surfactant, steam, and COs.
Infill drilling can provide a means of accessing the poorly drained
segments (or compartments) of a reservaoir.

To improve oil recovery from naturally fractured reservoirs one
needs to quantify the channelling of injected fluids and develop a
map of the flow channel distribution for remedial measures. This
paper is intended to provide a viable technique to accomplish this
when tracers are used.

Il. DIRECTIONAL FLOW
A. Pressure Interference Testing

Directional flow results from either permeability anisotropy in
an otherwise homogeneous reservoir or the presence of high
permeability channels in a heterogeneous reservoir. The latter,
under favorable conditions however, could effectively produce flow
characteristics of an isotropic homogeneous reservoir. In fact,
pressure interference testing conducted in many domestic reservoirs
has produced results that support this claim. One example of such a
test was reported by Gogarty as shown by Fig. 1.1 It can be seen that
the permeability magnitude varies from one part of the field to
another, but the permeability major axis is southwest-northeast
direction.

Ratio9
0 0

4.6 mdicp ™

1000 ft

O Observation Well

Ratio 5
D Active Injection Well R

FIGURE 1. INTERFERENCE TESTING
(From Gogarty, W.B., JPT, 1983, Courtasey SPE)



Earlougher presents a technique to determine the direction
and magnitude of the permeability tensor from pressure interference
testing data.2 The technique requires measurement of pressure
response in at least three observation wells. The analysis of these
pressures by type-curve matching (or least-squares regression
technique) yields kx, kyy and kxy which are used to calculate kmay,

Kmin and 6. Equations are summarized in Appendix A.
B. Tracer Response Analysis

In this section we develop the equations for the water soluble
tracers (e.g., B;~, I-, and SCN-) in waterflooding operations. Similar
equations can be developed for gas tracers in ‘gas injection
operations.

In an earlier paper Kazemi, et al.,3 presented a numerical
scheme for solving an analog of the Buckley-Leverett waterflooding
problem for fractured reservoirs. The waterflood equations plus tracer
transport equations are presented below.

The waterflood equation is:

— ua fwt = OSw + AR e~M1-1) 9 Sut dt
ox ot or a ot (1)

Equation (1) was solved numerically as shown:
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Equation (1) uses a matrix-fracture transfer function of the form
= _a—At '
R=R.(1-c™ (s)

For more flexibility in matching reservoir performance, one can easily
use the following form

R =R_ - Rje~Mt — Rye~Ml
1 2 (6)

where
Ry + R2 +... = Re. (7)
To use Eq. (6) in Eg. (1), one should replace the transfer function

R 1
Tw = AR.. e—A(t-1) a_s_“ﬁ dt
or J, ot
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In the one-dimensional setting, the tracer transport equation for a
given non-adsorbing tracer will be
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C

(9)

To solve Eqg. (9) numerically, we follow the format of Eq. (2) as
follows:
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Equation (2) is first solved for Syt ; then it is substituted in Eq. (10) to

solve for o+

For three-dimensional field simulations, the following
equations are solved simultaneously by standard fully implicit
reservoir simulation techniques:

Water:

A[wa (APwe— Yot ADfﬂ — Tw + Quf

VR Of Swf)

= A,
5.6146At ' Bwt

Oil:

A[Tof (Apof — Yof ADfﬂ — To + Qof

Vr A, (‘b;S;)f
[¢]

" 5.6146At

(12)

where the x-components of the transmissibilities Ty and Tof are
shown below:

Tos = 0.001127 2YAZ kfx)(ff—)
Ax }J.B wi

Top, = 0.001127 AYAZ kfxx(i‘r—)
X 1B Jof

A (14)

The water and oil transfer functions are:



Tracer in water:

kA[TWf(Apr - waADf) C+ ﬁwaC] -T,C + qwtC

" 5.6146 At
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wf

+(1-oglsG) a}
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where Kot is the dispersivity coefficient multiplier, and its x-
component is given by Eq. (18):

Ay az waxx -
AX (18)

Kuwixx =

Kxx, Kxy, and Kyy are the components of the dispersivity coefficient
tensor as shown below:

D ‘
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Dt + 1 [OthfV%vfy + a’l"wfv%vfx]

Kwiyy = L
LT oSwilVud (21)

.‘_".wf = ‘—E.f l—(if(v Pwf— YWVD)
Hw (22)



> 2
Vod = (V25 + V25, )/ (23)
The mathematical details and program code will appear in Ref. 4.

C. Nine-Point Difference

To properly account for either reservoir channelling or
permeability anisotropy, and to reduce grid orientation we used two
different nine-point schemes in the xy-plane that will be described
below.

If flow channelling in a fractured reservoir is the result of
reservoir heterogeneity (and not a result of permeability anisotropy)
then a five-point connection grid as shown by Fig. 2 is inadequate.
This problem can be greatly alleviated by using a nine-point
connection grid as shown by Fig. 3. Then we superimpose a nine-
point finite-difference on this grid with a weight of 1/2 for each of the
eight connections to a given node; the center node will have,
therefore, a weight of 4. This contrasts the 2/3 weight for the x and y
directions and 1/6 weight for the diagonal direction in a standard 9-
point formulation.” Our 1/2 weights are based on the assumption
that each of the eight channels emanating from a node acts
independent of each other and each channel's permeability,
viscosity, and pressure gradient control the amount of flow in that
channel according to Darcy's equation. It can be shown by a

physical argument that the 1/2 weight is actually y2/2 +y2) or 0.4142.
But, the use of 1/2 does not make much difference in the outcome of
the calculations. ‘

If flow channelling in a fractured reservoir is the result of
permeability anisotropy, then the nine-point connection of Fig. 3 plus
the use of Shiralker's nine-point coefficients® should produce
accurate results. Shiralker's coefficients also greatly reduce grid
orientation sensitivity for high mobility displacements. More
information on this subject is reported by Wolcott.6 As in Wolcott's
work, we use a modified set of Shiralker coefficients (please see
Appendix B) that we developed for harmonic-averaged permeability
in a block-centered grid in contrast to arithmetic-averaged
permeability used by Shiralkar in a point-distributed grid.
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Ill. RESULTS

We first present numerical results for a tracer injection in an
inverted five-spot using two grid orientations—the diagonal and the
parallel—as described elsewhere.” In these experiments, we use
both the Shiralkar and the 1/2-weight coefficients both for a
homogeneous isotropic example and an anisotropic example. The
data used to evaluate the simulator is shown in Table 1. Figures 4-7
are for the homogeneous isotropic example and Fig. 8 and 9 are for

the anisotropic example.

TABLE |
DATA USED TO EVALUATE SIMULATOR
- B Kot = 1.0
Bo = 1RB/STB Swi = Swrm = 0.275
Bw = 1 RB/STB
R _ . Sorf = Sorm =0.375
Pi = 100 psia
Sui = 0275 nw = 3.4
wi ! no = 2.0
Ho = 167cp M = 1 (using end-point
Hw = 05c¢cp relative permeabilities)
Ccw=Co = 1072 pgi-! R. 0.07
Pcf = 0 :
AX = Ay = 187 # }"1 = 0.005 day~! (0-2 MOPV)
Az = 20t Ay = 0.25 day~" (2- =« MOPV)
) o ( St — S ) ' of = 0.01
AL V- om = 0.20
. tinj = 10 days
* [ Swi—So )”
k = Keot|—2 o
rof rof 1 = Sui = Sur
Kot = 0.3
Onset of tracer injection at WOR = 10-15
Grid Network:
Diagonal 6x6
Parallel 8x8
Permeability:
Homogeneous: kyys = kyyt = kese = 39,528 md
Anisctropic: Parallel, kyy = 125,000 md, Kyyt = 12,500 md, Ky =0

Diagonal, ky,t = 68,750 md, kyy; = 68,750 md, Kyt = 56,250 md

Injection Rate:

Diagonal 600 B/D

Parallel 553 B/D
Injected Tracer Concentration 20,000 ppm
Dispersion Coefficient = 0

10
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FIGURE 4. TRACER RESPONSE FOR HOMOGENOUS RESERVOIR USING
SHIRALKAR NINE-POINT COEFFICIENTS.
[Rw20.07, M=t, Pzparaitel Bxd grid, D=dlagonal 6x6 grig)
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FIGURE 5. OIL RECOVERY FOR HOMOGENOUS RESERVOIR USING
SHIRALKAR NINE-POINT COEFFICIENTS.
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11



Br" CONCENTRATION {ppm)

MOPV Ot PRODUCED

6.491
b
3 ;
2.4 |
i i :
i
= 3 7 '
e 1/
a 3 i/
£ ]
4 ]
2.204
g
> .
& :
L -t
o2y
i
5
b ,
8,23 + T T — -
3.2 2.a8 4.28 .83
ACEV AT TER
FIGURE 7. OIL RECOVERY FOR nnuosenous RESERVOIR USING 112
WEIGHTING NINE-POINT COEFFICIEN
{R=0.07, M=1, Pzparaitel 8x& grid, D. luunll 816 grig)
12,000
4 a
1 Ae
1 v
8.000H \
4,000~
o g\ \
uluyA4l|V|xn.r;l|lll6|l|l
o 100 200 300
TIME {days)
FIGURE 8. TRACER RESPONSE FOR ANISOTRADPIC RESEAVOIR USING
SKIHALKAH RINE-POINT COEFFICIENTS.
-=0.07, M=1, Pxparallel 828 grid, D=dlsgonst 616 grial
Q.40
o,
o
NI L S i S T s e e e e S S o S
000 2.00 4 00 6 00

MOPV WATER INJECTED

FIGURE 5. DIL RECOVER FOR ANISOTROPIC RESERVUIA USING SHIRALKAR
HINE-POINT COEFFICIENTS,

{R.=0.07, M=1, Pzparaliel BIB grig, D=diagonat &x6 grig)

12



- Next we present a field example for an inverted five-spot
waterflood pattern with data shown in Table 2. The data were
modified for the purpose of this paper. The original field waterflood
pattern resembles Fig. 10. Tracer was injected in the center well for
30 days. The tracer response measured in Wells A, B, C and D are
the results of tracer coming from the center injector diluted by water
containing no tracer from other water injectors outside the center
pattern and water entering the wells from the underlying aquifer. The
tracer response shown for Wells A, B, C, and D were, therefore,
adjusted by material balance for the dilutions (please see Appendix
C); and the simulation was performed on the shaded area as a
confined five-spot pattern. -

TABLE 1l
FIELD DATA
Bo = 1.044 RB/STB Kewi = Syl12
Bw = 0.998 RB/STB Krof = (1-Sun!2
Pi = 1000 psia AX = Ay = 544#
Swii = 0.0
Az = 40 ft
Lo = 8c¢cp - -
ot = 0.01 (initial estimate)
Hw = 09c¢p
pCf - 0 q)m = 0.18
Cw=Cp = 3.5x 1076 psi-1 gwrm = 8§
= 1 -5 ngj—1 orm = .
Co X 10=2 psi ke - 30md
Grid Network:
15x15x1
Injection Data:
Qinj = 1600 B/D
Cinj = 900 ppm for 30 days; tracer injection started after 10

years of production

Production Data:

WellA: gt = 64B/D

WellB: q = 700B/D
WellC: q¢ = 214B/D
WellD: gt = 622B/D

Dispersion Coefficient = 0

13
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FIGURE 10. A CONCEPTUAL CONFINED FIVE SPOT PATTERN.

Input data for history matching are shown in Table 3 and the
history match results are presented in Table 4. Figure 11 illustrates
the concept underlying the history matching—which is based on the
fact that (1) water cut is large at the time of traced injection, and, (2)
saturation change in the reservoir during the tracer test is negligible.

The history match of the tracer response is shown on Fig. 12.
The match is excellent and it took 10 runs to obtain the match. Table
4 shows that permeability and porosity, obtained as a consequence
of the history match, vary significantly in the vicinity of each
production well (i.e., in each quadrant of the pattern).

14



TABLE Il
INPUT DATA TO START HISTORY MATCH

R = 0.09 |
A = -0.00576 day-"
kxxt =kyyt = 30,000 md

of = 0.01

qt =

400 B/D for Wells A, B, C and D

TABLE IV
HISTORY MATCH RESULTS

Well A Well B Well C ~Well D

Gt B/D 64 - 700 214 622
WOR at 10 o6 11 39
injection time S :

o 0.012 0.023 0.008 0.024
Kxxf, md 500 34,000 3,500 17,000
Kyyf, md 2500 28,000 500 10,000
e 2 012

A = 0.0005 day-1
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FIGURE 12. INVERTED FIVE SPOT CONFINED PATTERN TRACER
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IV. .CONCLUSIONS

From the results of this study, we conclude that:

. The tracer transport model presented in this paper provides a

practical and viable tool for determining orientation and
conductivity of high permeability channels in naturally structured
reservoirs. The information should be quite useful in planning
remedial measures for conformance improvement, and
ascertaining reservoir data useful for use in dual-porosity
simulators in conjunction with improved or enhanced oil recovery
modeling. The tracer transport equations for gas injection
operations can be formulated similar to the equations used for
waterflooding operations presented in this paper. ;

The numerical algorithm is considerably less compiex and
executes one to two-orders of magnitude faster than the code for
standard dual-porosity simulators. This permits more nodes and
smaller grid spacing that should lead to more accurate numerical
results. Furthermore, single-porosity simulators can be readily
modified to include the matrix-fracture transfer function and the
tracer transport equations.

History matching with this model is much simpler than the
standard dual-porosity simulation since it requires considerably
less complex input data.

While the technique of this paper can be used with non-uniform
grid, a grid as close to uniform square grid as possible should be
used with the nine-point finite-difference formulations presented
here. For non-uniform grid, we recommend the use of controlied-
volume finite-element technique. This technique is reported in
Ref. 8. '

V. NOMENCLATURE

B = formation volume factor, RB/STB

c = compressibility, psi-1

C = chemical concentration, ppm

D = depth, positive down, ft

D = molecular diffusion coefficient, ft2/D
f = fractional flow

h = height, ft

IMAX = maximum number of nodes

K = permeability, md



principal maximum permeability, md
principal minimum permeability, md
relative permeability, dimensionless
xx-component of permeability tensor, md
xy-component of permeability tensor, md

yy-component of permeability tensor, md

geometric average permeability, md

permeability tensor, md

dispersivity coefficient, ft2/D

xx-component of dispersivity coefficient tensor, ft2/D
yy-component of dispersivity coefficient tensor, #2/D
yy-component of dispersivity coefficient tensort, ft2/D
dispersivity coefficient multiplier, ft3/D

matrix block size, ft

mobility ratio

moveable oil pore volume

pressure, psi

dimensionless pressure

flow rate, STB/D

recovery, fraction

ultimate recovery, fraction

saturation, fraction

specific gravity

time, days

dimensionless time for pressure transient analysis
calculations

dimensionless time for waterflood imbibition calculations
transmissibility, STB/psi-D

interstitial velocity, ft/D

Darcy velocity, ft/D

node volume (AxAyAz), ft3

fractional amount

18
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dispersivity, ft

longitudinal dispersivity, ft

transverse dispersivity, ft

static pressure gradient, psi/ft

interfacial tension, dyne/cm

pressure change, psi

time-step size, days

intersection time in pressure buildup, hr
gridblock length, ft

gridblock width, ft

gridblock thickness, ft

finite difference operator

value at time n + 1 minus value attime n
exponential recovery constant, day~1
viscosity, cp

density, Ibmyft3

shape factor, ft=2

fracture/matrix transfer term, STB/D

integration variable in the convolution integral, day

contact angle
porosity, fraction

ubscripts

capillary
connate
dimensionless
fracture

initial

matrix

oil

relative
residual

solid
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= water

= X direction

= Yy direction

z direction

= phase (water, oil, gas)
= rock

= infinite time
Superscripts

n = time level

0 = zero time

8§ © ™N< X s
l

VL. APPENDIX A

Equations for Pressure Interference Testing in Anisotropic
Reservoirs

From Reference 2 and a knowledge of tensor transformation
rules the following working equations were compiled for use in
pressure interference test analysis:

141.2 gBu
( t_o) - 0.0002637t [ KmaxKmin
rlz) dir O, (yzkxx + szyy - 2kaxy) (A-2)

- 141.2 qBu(P
) qBW(Pp)m
hAPy (A-3)

YZkxx + X2kyy — 2Xy kyy =

(0.0002637) kmaxkmin  tay
dpic, (o) (A-4)

k)cxkyy - k%y = KmaxKmin = EQ (A-S)
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Kxx = kmin + (Kmax — Kmin) c0s20 (A-6)
kyy = Kmin + (Kmax — kmir\‘) sin%0 o (A-7)
Kxy = Kyx = (kmax — Kmin) sin@cos® -~~~ " (A-8)
Kmax = 0.5 {(kxx + kyy) + [(kxx - kyy)2 + 4kxy 1/2} - (A-9)
Kmin = 0.5 {(kxx + Kyy) =[x = Ky P + 4hy?] e (A-10)
kxy (A-11)
kgcos?8  kesin’ _ i

Kmax Kmim : (A-12)

vg =-0.001127 1 {(kecose) %, (kg sind) % }
ox dy (A-13)

IAp(t,X,yi is plotted vs. t on log-log paper for all the observation

wells. The resulting plots are matched against a Pp vs. (tp/r)dir log-
log type curve. Once a satisfactory match is obtained, k is calculated
using Eq. (A-3) at any match point M.

Next, for a fixed pressure match, Apy, the corresponding three

time matches ty and (tD/rD)M are read and substituted in Eq. (A-4) to
form three equations in these unknowns kyy, kxy and kyy. These are
calculated and the values are substituted in Egs. (A-9) t%rough A-11)

to calculate kmax, kmin 2nd 6.
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VIl. APPENDIX B

Modification of Shiralkar's Nine-Point Coefficients for use
with Block-Centered Finite-Difference Formulation.

Shiralkar- developed a robust nine-point scheme for
anisotropic heterogeneous reservoirs where the transmissibilities
yield positive values and reduce grid orientation effects for adverse
mobility ratios. Shiralkar formulation was for point-distributed grid.
We have extended his formulation for use with block-centered grid:
the results yield non-negative transmissibilities.

i=1,j+1 i,]+1 fe1,jet
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!
i
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i~1,f+1 L1 T ie1,je1

FIGURE B-1. NINE-POINT BLOCK-CENTERED GRID AND ITS RELATION TO
SHIRALKAR'S POINT-DISTRIBUTED NUMBERING SCHEME.



The four-node computational element used by Shiralkar is
shown by the shaded square with corner points labeled 1, 2, 3, and 4
on Fig. B-1. The conventional block-centered transmissibilities

(Txir1/2i» Tyi, j+12, €tc.) and  Shiralkar point-distributed
transmissibilities (T4, T12, T2z, and T14) were used to generate the

modified transmissibilities (?M/zj ,TL #1725 etc.). These modified
transmissibilities were used for our work as shown below:

Tivi, j = Taa + Ty | (B-1)
Tij+12=Tiz + T53 (B-2)
T%i 12,j+12 = Tos (B-3)
T n j+1ir=Tia (B-4)
where
T+ 12,
Tag = ; 12 (x - T4 - Tzs)}
o lTx1+1/2_1+Tx1+1/23+1 (B-5)
T
Ty = / = e 1/24J (qx - Tra" - T2'3')\ |
‘lTx1+1/2 it vz ’ (B-6)
Ti2.
Tip= ’ " L) 172 (Qy - T14 - T23)}
\Ty1_|+1/2+T1+IJ+1/2 (B-?)
[ i
- . ]+ — - _
T33={—=2™>L21 (@y-Ty3-T33)
\T§'11+1/2+Ty1 1,j+12 ’ B-8
(B-8)
(ax - Axy) (qy - dxy)
T23={l + Qxy forgey 20
3 (ax+qy-2ax) )V (B-9)

Ty = {_:%’_ (9x - qu) (Qy - qu) } for Quy < 0
(qx +qy - 2qsxy)
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Tia= {%(q(qx Tgy(qYZqi;y) for Gy 20 (B-11)
T1a ={T23 - qxy} for gy <0 (B-12)
qx=;__(Tx1+1/2J+T“+1/2J+1) (B-13)
Qy’—'%‘( y1]+1/2+T31+1J+1/7) (B-14)
Qxy = %( Tagi+12+12+ Taiea, J+1/2) (B-15)

13 12 34 173" 274"
Tx1+1/2_| Tdvinier, Tijowz, Tivnjein, Tvizg Thvizgn

34 12 23 14 :
vii+12, Tyi-1j+12, Txyie12,j+12, Tayi+2,j+12are harmonic-

averaged five-point functions. To calculate T3* TL3, etc. use grid

size Ax and Ay as in standard five-point formulations. To calculate

T2 and T use appropriate diagonal distances between points 2
and 3 and 1 and 4, respectively.

Vill. APPENDIX C

Equations to Convert Tracer Response Concentrations in
a Non-Confined Five-Spot Pattern to Concentrations For
Use in a Five-Spot Window Model

As can be seen from Fig. 10, when tracer is injected in the
center well of the gray-shaded area, the tracer response in wells A,
B, C, and D will be diluted by water from the water injectors outside
the center pattern. If we wish to isolate the gray-shaded area as a
confined window for modeling purposes, the tracer dilutions have to
be subtracted out. The following equations provide a procedure to
accomplish this. This method should be used with caution because
reservoir heterogeneities can cause fluid channeling to the outside of
the "perceived" confined window area.

The cumulative amount of tracer produced in Wells A, B, . . .,
are given below:
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N
AMTA =Y qs Ch Aty | |
“ - (c)

N
AMTg = )’ qip C} Aty

n=1 o ‘ (C-2)

The fractions of tracer produced by Wells A, B, . . ., are:

wa = AMTA JAMT4 + AMTg +.. ) (C-3)

wp = AMTg AAMTy4 + AMTg +...) (C-4)
The flow rates of water and oil produced by Wells A, B, . . ., in the
confined window model are qwa, doa, etc., and are given below:

Qwa =Wa Qinj WOR (C-5)

El\oA = awA/WORA (C-6)
The concentration of tracer produced by Wells A, B, . . ., in the
confined window model Ca, Cg, . . ., are as shown:

Ca = Ca (qwa/Gwa) | (C-7)

Cs = Cg (qws/dws) (C-8)
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cpx1.0 E-03 = Pa-s

ft x 3.048 E-01 = m

md x 9.869 233 E-04 = pum?2

psi x 6.894 757 E+00 = KkPa
= kPa—1

20



SESSION 2

Field Studies and Data Needs

Co-Chairmen
Neil Humphreys, Mobil E&P Services

Charles Kerans, Bureau of Economic Geology, University of Texas



QUALITY CONTROL OF SPECIAL CORE ANALYSIS
MEASUREMENTS

Eve S. Sprunt

Mobil Research and Development Corporation
Dallas Research Laboratory
Dallas, Texas

I. ABSTRACT

One of the problems in field studies utilizing laboratory data is
determining whether or not the laboratory core measurements are accurate.
This is particularly true of expensive special core analysis measurements.
The high cost of such measurements means that usually only a few
measurements are available for a given field and few or no repeat
measurements are available. Our experience has shown that some of the
simple and inexpensive components of special core analysis measurements
may be responsible for significant errors. Separate quality control on these
inexpensive measurements can improve the reliability of the costly, special
core analysis measurements.

In basic core analysis measurements, porosity measurements are
usually considered sufficiently accurate if they are good to half a porosity
unit. However, in special core analysis tests in which the porosity is used
to compute saturation, an error of half a porosity unit can translate into a
large error in water saturation. Such errors are particularly troublesome for
low-porosity rocks at low water saturations. Laboratory measurements
whose interpretation depends on accurate determination of the water
saturation include electrical resistivity, capillary pressure, and relative
permeability. Inaccurate determination of the saturation can introduce
curvature of the resistivity index versus water saturation crossplot and
could lead to erroneous identification of a sample as having a conductive
rock matrix or bound water. This is true regardless of how accurately the
resistivity itself is measured. While it is prohibitively expensive to run
repeat full resistivity measurements for a sample showing curvature in the
resistivity index plot, the porosity should be run by several different
methods to determine whether an error in porosity could be causing the
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curvature. Careful evaluation of the porosity measurements can bracket the
correct porosity and determine whether a significant error in porosity could
be affecting the special core analysis results.

I. INTRODUCTION

In school most of us are taught to assign error estimates to laboratory
measurements. However, in practice in the oil industry most laboratory
measurements are reported without any confidence limits. Commercial
laboratories are loathe to report error bars because their competitors will
assert that they can do better. Also, few published papers contain error
analysis of the reported experimental test results. Thus, many in the oil

-industry do not have a sense of the magnitude of errors in laboratory data.

Although error analysis is seldom presented in experimental papers,
there are many papers on errors analysis of core analysis measurements.
Amaefule and Keelan (1989) present uncertainty equations for many basic
and special core analysis measurements. However, my experience (e.g.
Sprunt et al., 1990) indicates that the magnitude of the errors they suggest is
relatively optimistic.

Quite a few papers focus on error analysis of electrical measurements
(Chen and Fang, 1986; Freedman and Ausburn, 1985; Hook, 1983; Hoyer
and Spann, 1975; Worthington, 1975). Of these papers, Worthington
(1975) and Hoyer and Spann (1975) approach the problem from an
experimentalist's viewpoint examining some of the individual components
of the laboratory procedures and why they cause problems.

This paper approaches the error analysis from an experimentalist's
viewpoint. In particular, it will be shown how the ability to accurately
determine pore volume affects special core analysis measurements that
depend on porosity and saturation measurement. Particular attention is
given to electrical resistivity measurements. Measurements whose
interpretation depends on saturation determination are much more sensitive
to errors in the pore volume than measurements that rely on the porosity.
Interpretation of laboratory measurements that require saturation
determination include the electrical resistivity measurements to obtain the
saturation exponent, relative permeability, and capillary pressure.

II. PORE VOLUME

In understanding how the accuracy of pore volume measurements
affects special core analysis measurements, it is important to understand
how porosity and pore volume are determined. Measurement or calculation
of pore volume is necessary for measurement of porosity. While most



people do not know how accurate pore volume measurements are, they
assume porosity measurements are good to within 0.5 porosity units (pu).

Porosity ¢ is determined by measuring two of the following three
quantities: pore volume (V},), grain volume (V,), and bulk volume (V).

Ve W=V _ Y,
=V, Vs WV, + V) 0

In an inter-laboratory comparison, Dotson et al. (1951) showed that
the average deviation in porosity was 0.5 pu, but the range was from 0.3 to
1.0 pu. Thomas and Pugh (1988) use £ 0.5 pu as their "experience-based"
maximum acceptable deviation in standard core plug analysis and found
65% of labs in 1987 met their quality assurance criteria, which included that
standard.

If porosity measurements are used to characterize a reservoir, for
example to determine average porosity of a zone or to calibrate well logs, £
0.5 pu accuracy is usually adequate. Additional uncertainty is introduced in
scaling and averaging the laboratory data. However, if the porosity
measurement is used in characterization of a core plug for special core
analysis measurements, a 0.5 pu error in porosity can introduce significant
eITors.

There are many methods of obtaining the quantities in Equation (1)
(AP, 1960). If the pore volume rather than the porosity is the true quantity
of interest, it is best to measure the pore volume directly rather than to
calculate it from the grain volume and bulk volume. Ideally, when pore
volume is required for a special core analysis measurement, the pore volume
should be measured directly under the same conditions as the special core
analysis test. This is important because pore volume changes with pressure
and because sleeve material may progressively intrude into surface porosity
with increasing pressure. In practice, however, this is not always done; and
ambient pore volume measurements or calculated ambient pore volumes
may be corrected to overburden pressure conditions by a variety of
techniques including correlations based on measurements on other samples.

Porosity errors are important when compressibility is a significant
factor or when pore volume is difficult to accurately quantify. In low-
porosity rocks, it is especially important to properly account for pore
compressibility. Cases in which accurate determination of the pore volume
is difficult include vuggy carbonates (Sprunt, 1989), low-permeability
samples with high-porosity, low-porosity samples, and samples containing
gypsum.



IV. SATURATION

The most common methods of determining water saturation during
special core analysis are based on volumetric and gravimetric measurements
(Maerefat et al., 1990), and both these methods depend directly on accurate
measurement of the pore volume. Imaging techniques such as x-ray
absorption, microwave absorption, and nuclear magnetic resonance do not
require measurement of the pore volume.

The equation for determining water saturation (S,,) volumetrically is:

Sw = —_(VP; Vo) @)
p

where V,, is the volume of water expelled from the sample.

If the sample is small and has low porosity, it is very difficult to
accurately measure changes in saturation because very small amounts of
fluid are expelled. For example, a sample of a 10-percent porosity rock, 1
inch in diameter and 1 inch long expels only 0.13 cc for a 10-percent change
in water saturation. If a 1.5-inch diameter, 1-inch long sample is used,
0.29 cc corresponds to the same 10-percent change in water saturation. It is
possible to measure the water saturation of the larger sample more
accurately.

When samples are selected for special core analysis measurements, it
is a good idea to check the pore volume of the sample. If preserved samples
are to be used for the test, the pore volume can be estimated using the
porosity of an adjacent sample. Using the accuracy to which fluid changes
can be determined, you can then determine whether or not the saturation
changes during the special core analysis test can be determined sufficiently
accurately. In most cases a pore volume of 5 cc or more is desirable.

Figures 1 and 2 illustrate how the error in water saturation increases
with decreasing porosity and decreasing water saturation. These figures
were generated, assuming that the entire porosity error is attributable to an
error in the pore volume. Frequently, bulk volume determination is a
source of errors (Thomas and Pugh, 1988); but if pore volume is not
directly determined, the error in bulk volume translates into an error in pore
volume. The main warning of these figures is that accurate measurements
are required on low-porosity samples, especially at low-water saturations if

special core analysis measurements that depend on water saturation are to be
meaningful.
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Figure 1: The error in water saturation was calculated as a function of
water saturation assuming that all the error in the porosity measurement is in
the pore volume.
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Figure 2: The error in water saturation was calculated as a function of
water saturation assuming that all the error in the porosity measurenint is in
the pore volume. Porosity is commonly assumed to be good to within 0.5 pu.



V. CEMENTATION EXPONENT

Cementation exponent, m, was defined by Archie (1942) in the
equation F = ¢~ =R /R, where F is the formation factor, R,, is the
resistivity of the fully brine saturated rock, R,, is the resistivity of the brine,
and ¢ is porosity. Assuming the correct cementation exponent was 2.0, the
formation factors were calculated for a range of porosities from 5 to 35
percent. These values of the formation factor were then used to calculate
cementation exponents using porosities that were in error by + 0.5 and +
1.0 pu (Figure 3).

The error in cementation exponent from a 1 pu error in porosity is less
than 5 percent if the porosity is 10 pu or greater. For a 0.5 pu error, the
error in cementation exponent is less than 2.5 percent for samples with
porosity of 10 pu or more. Except for low porosity rocks, normally
acceptable errors in porosity do not introduce serious errors into the
determination of the cementation exponent,

VI. SATURATION EXPONENT

The saturation exponent is defined by Archie(1942) in the equation
R =R,/S,, " where R is the resistivity of the rock at some partial saturation
and §,, is the water saturation. If the correct value of the saturation
exponent is assumed to be 2.0, the value of the resistivity index, R/R ,, can
be calculated for different values of water saturation. Assuming a perfect
Archie rock, the resistivity index was calculated for values of saturation
between 10 and 100 percent.

In an Archie (1842) rock, the saturation exponent is the slope of the
straight line fitted to the bi-logarithmic crossplot of resistivity index versus
water saturation. On the bi-logarithmic crossplot of true resistivity index
versus apparent water saturation (Figure 4), only the saturations
corresponding to the correct porosity are perfectly fitted by a straight line.
If the measured porosity is too low, connecting the data points gives a line
which curves downward, because the apparent water saturation for any
resistivity reading is too low. If the measured porosity is too high, the line
connecting the data points curves upward, because the apparent water
saturation for any resistivity reading is too high.

While volumetric determination of the saturation is commonly used to
monitor saturation during resistivity or other special core analysis
measurements which depend on saturation, a crosscheck of the final
volumetric saturation with a Dean-Stark extraction saturation is
recommended. If the extraction saturation is greater than the final
volumetric saturation, the pore volume may be erroneously low.

Determination of the saturation exponent is complicated because the
errors in porosity cause curvature in the bi-logarithmic crossplot of
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Figure 3: The cementation exponent was calculated for different
errors in the porosity assuming that the true cementation exponent was 2.0.
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Figure 4: In this crossplot, only the assumed true porosity of 15%
gives a straight line relationship. If the porosity used to calculate water
saturation is too low, the data curve downward. If the porosity used to
calculate the water saturation is too high, the data curve upward.



resistivity index versus water saturation. If the saturation exponent is
determined by fitting a least-squares line to the data and forcing the line
through the 100 percent water saturation and resistivity index equal to 1.0
point, the slope of that least-squares line and, hence, the saturation exponent
depend on the minimum water saturation used. The error in saturation
exponent decreases as the data analysis is limited to higher water saturations
(Figures 5, 6, and 7). When only the data above an apparent water
saturation of 50 percent are used, an error in porosity of 1 pu causes an
error of almost 10 percent in the saturation exponent of a sample with 15
pu. The error in saturation exponent increases rapidly with decreasing
porosity for porosities less than 15 pu.

The objective of measuring the saturation exponent in the laboratory is
to use that exponent in the Archie equation to calculate water saturation from
log data. However, the error in the water saturation of the plug sample due
to the erroneous pore volume may not be the same as the error in the water
saturation calculated using the laboratory-determined saturation exponent.
The error is altered because the saturation exponent is determined from a
linear it to nonlinear data (Figure 4). Depending on how the strai ght line is
fitted to the nonlinear data (Fi gures 5, 6, and 7), the error in water
saturation calculated using the apparent saturation exponent may be larger or
smaller than the error in the laboratory measurement of saturation.

Assumed Saturation Exponent of 2.0
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Figure 5: The saturation exponent was obtained from a least squares
fit to the resistivity index/water saturation plot with the line forced through
the point of 100 percent water saturation and resistivity index of 1.0.



Assumed Saturation Exponent of 2.0

3.0 Ervor in porosity 3.0

2_8 J.one porosioty unit too high +2.8

2.6 , g +2.6
9 4 L haif pomsity unit g high . ‘ 1oa

2.2+ \\__\A\\ t2.2

corract porosity _

Apparent Saturation Exponent

2.0 L —o— — ——0 o 2.0

1.8 : +1.8

1.6 < haif porosity uni . +1.6

.41 one poroaity unit too low : T4

1.2T  Calculated using apparent water saturations greater than 30% T 1.2

E 1.0 } t t } t : 1.0
o 0 5 10 15 20 25 30 35

True Porosity (%)

Figure 6: The same plot as in Figure 5, but this time only apparent
water saturations greater than 30 percent were used to determine the
‘saturation exponent.
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Figure 7: The same plot as in Figure 5, but this time only apparent
water saturations greater than 50 percent were used to determine the
saturation exponent. ‘
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VI. SAMPLE DATA

Determination of the correct pore volume to use in tests on vuggy
carbonates is difficult (Sprunt, 1989). For each of eight samples with
varying vug sizes and amounts of vuggy porosity, a service company
reported two different values of porosity (Table 1). Both porosity values
were calculated using the same Boyle's Law grain volume measurement.
The "caliper” porosity used a bulk volume determined by measuring the
length and diameter of the plug samples with calipers. The caliper porosity
is frequently erroneously high because the plugs are not perfect cylinders
and may have chipped edges. The "summation" porosity was calculated
using a pore volume determined from the volume of fluid required to
saturate the samples. The summation porosity is often too low because
surface vugs will not retain water. This "summation" porosity is hot the
same as the "summation of fluids" porosity in which the gas, oil, and water
contents are determined independently and summed to determine the pore
volume. The true porosity of these samples probably falls between the
caliper and summation porosity values.

Table I: Vuggy Carbonate Samples

Porosity (%) Saturation Exponent Cementation Exponent
Sample Caliper Summation Caliper Summation Caliper Summation

3 17.1 15.7 1.22 1.74 1.93 2.03
5 12.6 11.5 1.24 1.70 1.80 1.88
8 11.6 11.3 1.14 1.26 1.77 1.80
10 12.4 11.4 1.14 1.78 1.83 1.90
12 8.4 7.7 1.21 1.54 1.73 1.79
19 14.2 13.7 1.30 1.59 1.83 1.86
22 19.7 19.1 1.53 1.71 1.97 2.01
29 24.4 24.1 1.54 1.63 2.06 2.08

Average 15.1 14.3 1.29 1.62 1.86 1.92

For these samples we do not know the correct porosity, the correct
cementation exponent, or the correct saturation exponent. The electrical
resistivity data were interpreted using both sets of porosity measurements.
As predicted by the hypothetical calculations, the differences in porosity
make little difference in the cementation exponent (Table 1), even though the
porosity differences are as high as 1.4 pu. The porosity differences
corresponded to large differences in the saturation exponents (Table 1).

Some pore geometries, such as those associated with clay coatings or
microporosity, can cause curvature in the resistivity index/water saturation
relationship (de Waal et al., 1989; Dicker and Bemelmans, 1984; Diederix,
1982; Givens, 1987; and Swanson, 1985). The analysis here has shown



that curvature may also be due to errors in the porosity and, hence, in the

- water saturation determination. In some cases it may be difficult to
differentiate between curvature due to errors in porosity measurement and
curvature due to rock properties or other effects. However, for these clean,
carbonate samples, curvature in the resistivity crossplot is probably due to
€ITOrIS in porosity measurement.

In the data for these clean carbonates, the curvature appears to be due
to porosity measurement errors because the direction of curvature depends
on the type of porosity measurement used to calculate saturation. The
direction of curvature due to porosity errors indicates whether the porosity
is erroneously high or low. The data generated using the caliper porosity
form either a linear or an upward curving trend on the bi-logarithmic
resistivity index/water saturation plot because that porosity, when in error,
is too large (Figures 8 and 9). The corresponding data based on summation
porosity form either a linear or a downward curving trend because that
porosity, when in error, is too low (Figures 8 and 9). Since this formation
is not clay bearing and we know that porosity measurement is a problem for
this formation, analysis of these crossplots on a sample-by-sample basis can
aid in determining which value of porosity is probably more reliable for
each sample.

Sample 19
100j
. O,
~
3 N
o
£
>
S 104
e +
[2]
‘i
d‘:’ o——o Caliper porosity 14.2
a—-a Summation porosity 13.7
1 + t +————t——+1}
0.01 0.10

Apparent Water Saturation (fraction)

Figure 8: Each laboratory measurement of the fluid content of sample
19 was used to calculate apparent water saturation using the pore volumes
obtained from the caliper porosity and the summation porosity. These
apparent water saturations were then used in the resistivity index versus

apparent water saturation crossplots. Table 1 gives the saturation exponents.
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Figure 9: Each laboratory measurement of the fluid content of sample
10 was used to calculate two values of apparent water saturation using the
pore volumes obtained from the caliper porosity and the summation
porosity. These apparent water saturations were then used in the resistivity
index versus apparent water saturation crossplots. Table 1 lists the
saturation exponents, which were determined by fitting a least-squares line
through the data points and forcing the line through the point 1,1.

VIII. CONCLUSIONS

Quality control programs are generally restricted to routine core
analysis. Even in routine measurements, which include porosity and single
phase permeability, the importance of accurate measurements is sometimes
not recognized because a 0.5 pu error in routine porosity may not be
significant when the core values are averaged to evaluate reserves. This
paper shows that errors in porosity that are acceptable for routine core
analysis, can introduce significant errors in .specml core analysis
measurements.

The cementation exponent is less sensitive to errors in porosity
measurement than the saturation exponent (Figure 10). The differences
between the values of the cementation exponents increase as the difference
in porosities increase (Figure 11) but porosity measurement will probably
not be the major source of error in measurement of the cementation
exponent. Errors, such as mis-measurement of the brine salinity or
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cementation exponent than on the saturation exponent.
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mis-measurement of the electrode spacing as discussed in Sprunt, Maute,
and Rackers (1990), will probably be more significant than porosity errors.

Errors in porosity can introduce large errors into the determination of
the saturation exponent. Inaccurate pore volume measurements can cause
curvature of data on the bi-logarithmic resistivity index water saturation
crossplot. However, this curvature is not necessarily due to errors in
porosity measurement. Curvature has been attributed to various pore
geometries (Dicker and Bemelmans, 1984; Diederix, 1982; Givens, 1987;
and Swanson, 1985). Other nonlinearities may be introduced by
nonuniform fluid distributions (Sprunt et al., 1991). It is important to try to
differentiate between laboratory errors and physical phenomena.

If curvature is observed in laboratory measurements, it would be
prudent, if possible, to measure the porosity/pore volume by more than one
technique and to carefully quality control those techniques. Measuring
porosity is far less expensive than measuring electrical resistivity as a
function of water saturation. A single set of electrical measurements can be
evaluated using porosity/pore volume measurements obtained by different
techniques. In evaluating the porosity/pore volume measurement
techniques, it should be determined whether the porosities obtained will
tend to be above or below the true value. If different techniques are used
and the resistivity measurements curve upward or downward depending on
the technique as in the sample data presented in this paper, the curvature is
probably due to errors in the porosity measurement and not the underlying
rock properties. If the data always curve in the same direction with only the
magnitude of the curvature changing, the curvature is probably due to the
rock properties.

In some reservoirs, such as tight gas sands or fractured carbonates,
the average formation porosity may be around 10 pu or less. In planning
special core analysis tests on such formations, it is important to consider
whether the results will be sufficiently accurate (Figures 1 and 2). It may be
necessary to have stringent quality control and/or revise the test procedures.
In some cases, sufficiently accurate data may not be obtainable with existing
techniques. The accuracy of the measurements for low-porosity samples
should be kept in mind in planning laboratory testing. Errors in pore
volume measurement are most serious for low porosity samples and when
the pore volume is used to calculate saturation. For such samples
commonly accepted accuracy tolerances for routine core analysis
measurements may introduce unacceptably large errors in the parameters
obtained from special core analysis.
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VEVALUATION», RELEVANCE, AND APPLICATION OF
HIGH RESOLUTION PERMEAMETER DATA IN
RESERVOIR MODELING

By Torgrim Jacobsen, Trond Hoye, Jan Ole Aasen,
Alister MacDonald, and Alan Grindheim
IKU
Trandheim, Norway

ABSTRACT

Shallow marine and deltaic facies have been subjected to permeameter analysis in
outcrops (Ferron Sandstone, Utah, Scarbourough Formation, Yorkshire) and cores
(Tarbert Formation, Gullfaks Field). Fluvial sequences have also been studied in both
outcrops (Scalby Formation, Yorkshire), and cores (Ness Formation, Oseberg Field). The
total database comprises 8000 permeameter measurements. These data have been
compared with the various facies interpretations, and a variety of statistical analyses have
been used to characterize the mean, variability, frequency distribution and spatial structure
of permeability within each facies. Permeameter data from the cored sequences have been
compared with conventional core plug data, and permeability estimates based on wireline
log data. The permeability data have been used as input into stochastic heterogeneity
modelling routines, and the strengths and weaknesses of the different measurement
techniques have been evaluated.

The mean value of core plug and permeameter measurements are very similar within
any sequence, thus confirming the reliability of the permeameter measurements. The
correspondence with log derived permeability estimates is poorer, reflecting greater
differences in sampling volumes and weaknesses in the log calibration procedure. The
results further corroborate the close dependency of permeability on depositional facies.
Different facies are characterized by different means, standard deviations, frequency
distribution types, and vertical correlation iengths. Permeameter derived frequency
distributions are characterized by normal (Gaussian) distributions for the most
homogeneous facies types and increasing left skewness with increasing degree of
heterogeneity: passing from normal to square-root normal to log normal. The core plug
data, in contrast, display log normal distributions for al! facies, whereas log data display
both square root normal and log normal distributions, but with no clearly defined facies
relationship. The results indicate both sample volume and facies dependence for the

distribution types. The calculated empirical variograms to not fit the conventional
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spherical model. Many of the variograms are however characterized by pronounced,
repetitive hole effects reflecting periodicity of the small-scale heterogeneities.

High resolution permeameter data are useful for quantifying thin, high and low
permeability beds, and provide the best statistical description of permeability for
stochastic modelling purposes. The most important disadvantage is that the small
sampling volume complicates any scale-up procedure based on permeameter data.
Permeameter data are also potentially useful for improving coreflog calibrations,

especially in heterogeneous sequences.



COMPARISON OF DIFFERENT HORIZONTAL FRACTAL
DISTRIBUTIONS IN RESERVOIR SIMULATIONS

R. A. Beier
H. H. Hardy

Conoco Inc.
Ponca City, Oklahoma

ABSTRACT

Past studies have demonstrated that porosity logs in vertical
wells have a fractal character called fractional Gaussian
noise (fGn). This observation triggered the application of
fractal geostatistics to describe reservoir heterogeneity.
These applications require knowledge of not only the vertical
statistical character but also the horizontal character. In
early studies, workers assumed a different fractal character
in the horizontal direction called fractional Brownian motion
(fBm). More recent analyses of outcrop and core photos and
porosity logs in horizontal wells have found fGn in the
horizontal direction. The purpose of the present study is to
compare reservoir simulations using fGn and fBm horizontal
distributions. A mature waterflood in a carbonate reservoir
serves as a test case. Simulated water cuts in both types of
distributions match field data. Still, the fGn distributions
should be more representative of reservoirs, because they are
consistent with outcrop and core photographs, and horizontal
well data.

I. INTRODUCTION

Fractal geostatistics is a numerical technique to generate
distributions of reservoir properties, such as porosity and
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permeability, for reservoir simulation. Conventional reser-
voir simulations often embed reservoir heterogeneity in rela-
tive permeability curves that must be determined by trial and
error methods. Workers' claim fractal distributions greatly
reduce the man-hours required for history matches and still
accurately predict reservoir performance. Fractal geostatis-
tics have been applied to both waterflood and GO, field
projects.

The application of fractal geostatistics to reservoirs is
based on the observation that porosity logs in vertical wells
have a fractal character. Hewett' concluded the fractal
structure found in vertical well logs is fractional Gaussian
noise (fGn). Well spacing is usually much too large to deter-
mine the statistical structure in the horizontal direction.
To carry his work forward, Hewett postulated that the hori-
zontal structure is a different distribution called fractional
Brownian motion (£Bm).

Recently, other workers have analyzed the horizontal
structure of sedimentary layers. Hardy’ analyzed distribu-
tions of dark and light regions in photographs of cores and
outcrops. Values within any vertical trace were found to have
the same distribution as found in vertical well logs - £Gn.
These results suggest the photos capture the same statistics
of reservoir properties as that seen in well logs. Horizontal
traces were also found to be £fGn, not fBm. In the core
photos, the horizontal layering is due to different standard
deviations of values in the horizontal and vertical directions
rather than a difference in the fractal character.

Crane and Tubman® and Hardy’ recently analyzed por031ty
logs from horizontal wells in both sandstone and carbonate
formations. All cases show fGn structure, the same as found
in the photograph study.

The purpose of the present study is to compare vertical
cross sections based on either fGn or fBm in the horizontal
direction. The cross sections are tested by performing flow
studies and comparing the simulated water cuts with field pro-
duction data. A mature waterflood in a carbonate reservoir
serves as a case study. A hybrid finite difference/streamtube
technique® provides an areal simulation of the waterflood.

II. HISTORY OF MATURE WATERFLOOD

Our case study is a carbonate reservoir in southeastern
New Mexico. The majority of development drilling occurred in
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the early 1940's. Wells produce from Grayburg dolomitic
sands(mainly the Sixth zone) and three San Andres dolomite pay
zones (Seventh, Upper Ninth, and Ninth Massive) at depths
ranging from 3,600 to 4,300 feet as shown in Figure 1. The
primary production mechanism of the reservoir was solution gas
drive.

Waterflood operations on 5-spot patterns were phased in
during the mid to late 1960's. The original 40-acre well
spacing was infilled to 20 acres to form inverted 9-spot pat-
terns in the early 1970's. Operations of the inverted 9-spot
patterns generally remained unchanged for nearly 20 years.
This long period of nearly constant operating conditions
supports our use of a typical well pattern to represent an
entire section (1 square mile). We focus on the waterflood
performance in two adjacent sections that we call Area A and
Area B.

IIT. FRACTAL DISTRIBUTIONS

The fractal character found in well logs describes a
scaling relationship in sedimentary structures. The scaling
relationship says that the small variations of reservoir
properties seen at the core size are a scaled down version of
the large scale variations seen at the reservoir scale. This
scaling relationship can occur in several ways. Two common
fractal relationships are fGn and fBm. References 1 and 9
give examples of both.

A. fGn Cross Sections

The method to generate fGn cross sections is based on pre-
~vious studies™ of core and outcrop photographs. The method
generates good forgeries of core photos. Here we use the
method to generate property distributions between wells. The
resulting distributions are consistent with the core .photo
study and horizontal well data. The mathematical details of

this process are found in the Appendix. A brief wverbal
description follows.
The first step is to identify reservoir units. In our

field case, the production interval is divided into the
Grayburg and San Andres formations. We treat each formation
separately and later stack the two generated cross sections to
form the final section. A representative well pair is chosen
from each study area.



Digitized Sidewall Neutron Porosity (SNP) logs provide
porosity measurements. The log readings are calibrated to
core measured porosities with linear scaling. The corrected
Pporosity log values are depth adjusted by stretching and com-
pressing the depth values to align the tops and bottoms of
each formation. Linear interpolation is used to fill in the
array, giving a layered image. Fractal noise is then added to
the image.

- The amount of fractal noise added depends on how closely
the depth adjusted well logs correlate. At each depth, the
difference between the two log porosities is computed. Then,
the total variance of these differences is calculated for the
entire log section under study. If the two logs are iden-
tical, the total variance is zero and mno fractal noise needs
to be added. 1In practice, the variance is nonzero and the
amount of added fractal noise increases as the total variance
increases.  Generation of fractal noise requires a value of
the intermittency exponent, H. To evaluate H, we apply R/S
analysis, spectral density analysis, and variogram analysis to
the SNP logs. (See References 1 and 10.) A value of 0.87
applies to both formations. The SNP logs provide readings at
one-half- foot intervals. However, the vertical spatial
resolution of the SNP tool is about two feet. For this
reason, only readings at two-foot intervals are used to
generate a porosity cross section with square grids (2 ft by
2 .ft).

It is important that the square grids in the generated
cross section have sides corresponding to the vertical spatial
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Fig. 2. Fractal distribution of porosity for Area A
based on fGn in the horizontal direction (fine grid).



resolution of the logging tool. This ensures the proper
amount of fractal noise is added to the layered image. If
larger grid blocks are used in the generated cross section,
the amount of noise measured at the porosity log scale (2 ft
by 2 ft) is incorrectly added at the larger grid block scale.
In geostatistical terminology, the support 'size of the
measured values should correspond to the support size of the
generated cross section.

A fine scale cross section (2 ft by 2 ft grids) for Area A
is shown in Figure 2. The number of grids in this 512 by 150
array is too large for flow simulations. For this reason, a
coarser grid must be obtained. This is done by reducing the
number of grids in the horizontal direction. The fine scale
grid values for porosity are scaled up using arithmetic
averaging. The number of vertical grids remains unchanged at
150 (Figure 3).

Horizontal permeabilities are treated in the following
way. Horizontal permeabilities are first assigned to the fine
grid as-a function of porosity by the formula

k=a10% (L

Values of a and b are set to 0.001 and 33.3, respectively.
With these values, the permeability covers 5 log cycles as the
porosity ranges from 2 to 17 porosity units. A coarser grid
of horizontal permeability is obtained by applying harmonic
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Fig. 3. Fractal distribution of porosity for Area A
based on fGn in the horizontal direction (coarse grid).



averaging only in the horizontal direction. Figure 4 is the
final coarse cross section for permeability. The permeability
ranges in Figure 4 correspond to the porosity ranges in Fig-
ure 3 through Equation 1.

B. fBm Cross Sections

The method outlined by Hewett and Behrens® generates the
fBm cross sections. Again, the corrected and depth adjusted
log porosities are placed on the vertical edges of the cross
section, followed by linear interpolation to produce a layered
image. But now the added fractal noise is a different type
and is added in a different manner. The result is fBm in the
horizontal direction .and fGn in the vertical “direction.
Details are provided in the Appendix. The resulting porosity
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Fig. 4. Fractal distribution of permeability for Area A
based on. fGn in the,horizontal direction (coarse grid).




cross section (Figure 5) is more layered than the fGn cross
section (Figure 3). With the fBm method, a coarse porosity
grid is generated directly. Equation 1 is applied directly to

the coarse porosity grid to get the corresponding horizontal
permeability map.

C. Other GCross Sections

For comparison in reservoir simulations, two simple
porosity distributions are also considered--linear inter-
polation and layer cake. Figure 6 shows a cross section based
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Fig. 5. Fractal distribution of porosity for Area A
based on fBm in the horizontal direction (coarse grid).
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on linear interpolation between wells, A figure is not
included for the layer cake case, but it is created by taking
the porosity values from the well at the right-hand edge and
extending them across the cross section. In all Cross sec-
tions, the vertical permeability is set to 0.1 times the hori-
zontal permeability at the coarse grid scale.

IV. COMPARISON WITH FIELD PRODUGTION DATA

The above cross sections are tested by performing flow
studies using a hybrid finite difference/streamtube method.®
The generated fractal distributions are input to a conven-
tional reservoir simulator to make fractional flow curves for
the cross section. Fluid displacements in the field project
are calculated by incorporating the fractional flow curves in
a streamtube model. The hybrid finite difference/streamtube
method predicts water cuts as a function of pore volumes of
water injected but not rates of injection or production. The
time coordinates in the following graphs are obtained by
simply honoring historical production rates.

Fluid displacement calculations are performed without ad-
justing any available parameters except initial water satura-
tions. For the waterflood field case, water cuts are as large
as 35 percent at the start of the waterflood. Evidently,
these high initial water cuts are due to water transition
zones with some possible water encroachment from edges and
underlying aquifers. These high initial water cuts made it
necessary to adjust the initial water saturations in the
simulations to produce correspondingly high initial water
cuts.

As shown below, flow simulations based on either fGn or
fBm cross sections match field water cut data. Although the
initial water saturations assumed for each type of cross sec-
tion are not always identical, both sets are reasonable. If
field water cuts are the only criteria, fGn and fBm type cross
sections are equally good for this case with close well
spacing (20 acres per well). Close well spacing may diminish
the differences between the two types of cross sections. As
the well spacing decreases, simple linear interpolation
becomes more valid and the importance of fractal mnoise
diminishes. Still, the fGn distributions should be more
representative of reservoirs, because they are consistent with
outcrop and core photographs, and horizontal well data.



A. Waterflood in Area A

Simulation results based on a single fBm cross section
show good agreement with field water cuts (Figure 7). This
result is consistent with earlier studies.!® The initial water
saturations are chosen to give a good match of the fBm curve
to the field data. The chosen water saturations give an
initial water fractional flow of 7 percent in both the
Grayburg and San Andres formations. Water cuts based on the
linear interpolation cross section are near the fBm cross sec-
tion curve. On the other hand, a single fGn cross section
gives lower water cuts throughout the waterflood.
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Fig. 7. Simulated water cuts in Area A compared to field
data.
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Increasing the initial water saturations improves the fGn
curve match (Figure 8). Here the initial water saturations
are set to give an initial water fractional flow of 1?2 per-
cent. This value is closer to the initial water cut seen in
the field than the 7 percent used in the fBm case.

The statistical model can generate an unlimited number of
realizations. For Area A, flow simulations on 20 fGn realiza-
tions give a range of water cut curves represented by the
shaded region in Figure 8. For reference, water cut curves
are also shown for linear interpolation and layer cake cross
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Fig. 8. Simulated water cuts for 20 fGn realizations for
Area A (higher S,;).

11



sections. The frequency distribution of cumulative oil pro-
duction is displayed in Figure 9. For a 10-acre pattern
element, the cumulative oil production ranges from 109 to
135 MSTB with a mean of 122 MSTB. For the layer cake case,
the cumulative oil production of 81 MSTB is substantially less
than all fGn cases. Correspondingly, the water cut curve is
above all the £Gn curves (Figure 8). The linear interpolation
case has a cumulative oil production of 104 MSTB, which is
slightly less than the range of all the fGn cases. Flow
simulations on 20 fBm type cross sections give a broader
histogram (Figure 9) where the cumulative oil production
ranges between 105 to 143 MSTB with a mean of 125 MSTB. In
the water cut curves shown in Figure 10, the linear inter-
polation case lies within the band corresponding to fBm cross

sl _ @1 fGn

Frequency

105 110 115 120 125 130 135 140
to to fo to to to to to
110 115 120 125 130 135 140 145

Cumulative Oil Production (MSTB)

Fig. 9. Histogram of cumulative oil production for
20 fGn and 20 fBm realizations (10 acre pattern element in
Area A).
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sections. Recall the fBm cross sections have higher initial
water saturations in order to match the field water cuts.
With these higher saturations, the linear interpolation case
gives a cumulative oil production of 120 MSTB. This value is
slightly below the mean of the fBm type cross sectionms.
Again, the layer cake cross section gives the lowest cumula-
tive oil production of 95 MSTRB.

As mentioned above, the initial water saturations used in
the simulations are different for the fCGn and fBm cross sec-
tions. Within the uncertainty of the field data, both sets
are reasonable. Therefore, flow simulations based on either
fGn or fBm cross sections match field water cuts.
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Fig. 10. Simulated water cuts for 20 fBm realizations
for Area A (lower 8§,).
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B. Waterflood in Area B

Flow simulations for Area B give similar agreement with
field water cut data for both fGn and fBm cross sections (Fig-
ure 11). For both cross sections, the initial water satu-
rations are set to give an initial water fractional flow of
17 percent in all zones at reservoir conditions.

V. SINGLE PHASE LINEAR FLOW

All the above comparisons deal with water cut predictions
but do not consider flow rates. The hybrid finite difference/
streamtube method does not predict injection/production rates
or effective permeabilities. A simple evaluation of the sen-
sitivity of effective permeability is made below by comparing
pressure drops across different vertical cross sections for
the same flow rates with a single phase. The width of the
cross section is constant.
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The permeabilities for linear flow cannot be used directly
to predict injection/production rates in the field. The flow
patterns in the field case are more complicated. In the pre-
sent study, estimates are limited to 2-D reservoir descrip-
tions. The conmectivity may be different in a full 3-D dis-
tribution of reservoir properties. Still, variations in 2-D
permeabilities should give some indication of the cor-
responding 3-D variations. :

As shown below, the permeability can vary by a factor of
10 among the different types of vertical cross sections. At
least for this waterflood case study, the permeability is much
more sensitive than water cut to the type of reservoir
property distribution.

A. £fGn Cross Sections

The permeabilities in Figure 12 have been normalized by
dividing the effective permeability of each cross section by

1
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the effective permeability of the layer cake cross section.
The normalized permeabilities are shown for 20 fGn realiza-
tions. The average porosity varies among the different reali-
zations. In generating the cross sections, the average
porosity is allowed to fluctuate about the average of the
input porosities from the well data (see Appendix). As would
be expected from the porosity/permeability relationship
(Equation 1), the permeability increases with increasing
average porosity. For the average well porosity (6.85 per-

cent), the mnormalized permeability is 0.055. This per-
meability is nearly a factor of 20 less than the layer cake
permeability. The normalized permeability for the linear

interpolation cross section is 0.48, or about a factor of 2
less than the layer cake permeability. Effective permeabili-
ties vary greatly among the different types of cross sections.

B. fBm Cross Sections

Although the field water cut data can be matched with
either fGn or fBm cross sections, the corresponding permea-
bilities are different (Figure 12). The permeability for the
fGn cross sections is typically a factor of 5 smaller. This
difference can be partially explained by the application of
the permeability/porosity transform (Equation 1) at different
grid scales in the two methods. For the fGn cross section,
Equation 1 is applied at the fine grid scale in Figure 2. The
subsequent harmonic averaging to coarsen the grid puts the
most weight on the lowest permeability. Since this harmonic
averaging step is not included in the fBm procedure, the fGn
procedure may give lower permeabilities. Even so, the har-
monic averaging does not account for the entire permeability
difference. If we apply Equation 1 at the coarser scale for
both types of distributions, the fGn cross sections have
permeabilities that are still about a factor of 2 to 3 lower.

The fBm methodology for producing cross sections gives
much less variation in the average porosity among realizations
(Figure 12). The fBm procedure constrains the mean porosity
of the entire cross section to the mean value of the well
data. On the other hand, the fGn methodology matches the mean
porosity of the edges with the mean value of the well data.
(See the Appendix for details.) For the fCn cross sections,
the greater scatter in porosity carries over to effective per-
meabilities. ’
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VI. CONCLUSIONS

Flow simulations based on either fCn or-fBm cross sections
match field water cut data from a mature carbonate reservoir.
The initial water saturation is the only parameter adjusted to
obtain a match. This adjustment is necessary due to initial
water production. from transition zones. Although the initial
water saturations assumed for each ‘type of: distribution are
not always identical, both are reasonable. - Still, the fGn
distributions should be more representative of reservoirs,
because they are consistent with outcrop and core photos and
horizontal well data from other reservoirs.

Flow simulations on 20 fGn realizations give cumulative

0il versus cumulative injection curves that fall within a band
of 11 percent about their mean curve. Similarly, the fBm
cross sections give a band of 16 percent about their mean
curve. Thus, the band is slightly narrower for the fCn cross
sections. In addition, the £Gn distributions have lower
effective permeabilities (linear flow) than the fBm distri-
butions.

The field case studied has close well spacing (20 acres
per well). We suspect larger well spacing will increase the
differences between the two types of cross sections. As the
well spacing increases, simple linear interpolation and fBm

are expected to become poorer representations for reservoir
heterogeneity.

APPENDIX

A. fCGn Cross Section Generation

To build £Gn cross sections, the left and right edges of
a cross section, 8, are filled with well log data (1, for the

left edge well log data and R, for the right edge well log
data): ’ - '

A% = L & gy, = R, for k = 1,NY (A-1)

where
NX

I

number of grids in the x direction
(horizontal)

number of grids in the y direction
(vertical)

NY
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A linear interpolation is made between the edges of the
array:

a; = a; + —L‘W x (7 -1) » (A‘Z_)

The amount of £fGn noise to be added is calculated. It is
assumed that the well logs have been put on depth, and there-
fore, differences between the left and right log values (other
than an overall trend) are the result of noise: To calculate
the amount of noise, first any overall trends are removed by
_subtracting the average of each log from each log value. This
gives : e

(L) = I -~ T ey
where
RS % o L (a-4)
=
and
d)k(R)‘ =R, -R (A-5)
where
R-1%r (a-6)

The variance, V, of the difference in the two logs without
trends is calculated,

1 NY - . A 7
- - 2 ) -
V= z—g (e (L) - ¢ (R)) (A-7)

V corresponds to the variogram at lag NX of the noise. that
needs to be added.

A noise array is now constructed from the appropriate
spectral density, S, of fGn noise. The spectral density of
the noise to be added is

- A
oy [(@,)2 + (w,)2)]F

(A-8)

with
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0, = 211, | (A-9)
0, = 2n%, (A-10)
B =H where 0.5 <H< 1 ] (A-11)

Here f, and f, are the x and y frequencies in Fourier space.

The noise array, N, 1s generated with H determined from
a fractal analysis of the well logs. As a discrete inverse
Fourier transform, the noise array, 1, is generated from
Equation A-8 as follows:

NX NY ‘
Ny, = E E ay, p@2 i1 F-1) (@-1) /8+ (k-1) tn-1) /8] (A-12)
m=1 n=1

where
IX = separation of the wells (in feet)
LY = thickness of the cross section (in feet)

Here,
am,n = Rm‘neiehl.ﬂ . : (A—13)
where
R:,n = z
[(m-1)2+ (Lx/LY)2 (1 - 1)2)®
fbrN?sz—lzo &N?an—lzvo (A-14)
except

Ry,=0.0 (A-15)

Because of symmetry requirements,

R, wysz-n = Ry, for % >m>1 & NTY >n>1 (A-16)
The phase angle, ©.., 1s defined as a random number
between -7 and 4+r for the range of m and n values satisfying

—Azﬁfzm—lzo&ﬁz-yzn—lzo (A-17)

and
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%’-{>m—1>o&1vy-1zn-1>_1!2¥ (A-18)

Finally, the 2-D Fourier transform requires the following:

Qyysz-m,1 = @ma1 for NTX 2m> 1 (A-19)
a;'Ny+2_n = éf,n for NTY > n >1 | : (A-20)
Byyez-m Nysz-n = a,;,{, for ___21\72_5 >m>1&NY2>2n>1 (5-21)
agﬂ,mﬂz_n = a‘ixﬂ,n for —%—Y >n> 1 (A-22)

Here a" is the complex conjugate of a. For a most accurate
distribution, only one-half to one- fourth of the original
distribution should be retained (Reference 11), but for this
work, the entire array is used.

Note 5;, only needs to be generated to agree with Equation
A-8 to within a multiplicative constant, because ne will be
rescaled to the well data before it is used. Equation A-15
makes the average of the noise array to be equal to zero.

The desire now is to adjust the variogram of lag NX of the
generated noise array to be equal to V. An indirect approach
to this produces a more stable solution than a direct one. A
direct approach would be to do a linear scaling which would
set the variogram of lag NX equal to V. But if it is assumed
that the variogram of the generated noise array has reached
its sill for a lag equal to the well separation, then the
variance of the noise array, v,, is equal to the variogram of
lag NX. Since there are many more values in the variance than
in the variogram of lag NX, the variance produces a more
stable estimate of the variogram of lag NX. The variance of
the array is therefore used for scaling the noise. The
variance of the noise array, v,, is calculated as follows:

NY .

v . = _
v L Y -7 (a-23)

F=1 k=1
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- 1 v (A-24)
n = NXNdez_;nj.k

Since the average value in the generated noise array is
zero, the following linear scaling gives an array, H,, with
the desired amount of noise and zero mean (see the "linear
scaling" section at the end of this Appendix):

H; o =1y ,/V7: v, ' ' (A-25)

The scaled noise array, H,, is then added to the linear
interpolation array, A;:

Bjx = Ayx + Hy (A-26)

The inclusion of the linear interpolation array introduces
trends in any horizontal trace. These trends alter the
statistical structure of the fGn in any horizontal trace. An
alternative method is to replace the linear interpolation
array in Equation A-26 with a layer cake array. Then the
porosity value at a given depth would be the average of the
two edge values. The sum of the layer cake array and the fGn
noise array would still have fGn statistical structure,
However, the resulting cross section would not honor the input
well log values at the edges as well as the procedure with
linear interpolation. We use linear interpolation in the
present study. ' '

With linear interpolation, B;, in Equation A-26 has a total
variance greater than the variance of the original log data.
The average of the resulting array, B;v, is unchanged from the
linear interpolation array, since the average of the noise
array, H;,, is zero.

One final linear scaling is made. 1Its purpose is to
adjust the variance and average of the edges of the array to
agree with the variance and average of the log data. This is
done so that the edges of the final cross section will closely
match the input well log data.

The linear scaling which gives the desired variance and
average is the following:

W
Vi

v, /2 B o+ B A-27
c,k=[_} (Bj,k“BH)+B . (A-27)

where

By=(L+R /2 (A-28)
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Ay
]

[B + B ]/2 (A-29)

/2 (A-30)

NY NY
v, = =Y (L - D)2 + LY (R - B)?
L | nNYgy NY{&

1 NY

NY
—_ 1 —_ -
8 NY; Brg = B NYkz; (Byy,xc = Bux) *|/2 (A-31)

B = -LY'B,, (A-32)

[ 1 _
BNX = -N_YEBNX'I‘ (A 33)

The variance and average value of the edges of the final
array, GC;,, are now the same as the variance, », and average,
Bw, of the input well log data from both wells. As a result
of scaling the edges rather than the overall array average to
the well log data, the overall average and variance of the
final array may be greater than or less than the average and
variance of the input well log data for a particular
realization.

When fGn cross sections are generated for the field study,
they are generated using log porosities and square grids, 2'

® 2'. Horizontal permeabilities are assigned using Equation
1. The grids are then made more coarse (2' x 16'). This is
done with three calculations. First, the horizontal

permeability of the larger grid is set equal to a harmonic
average of the small grids that make it up. Second, the
vertical permeability of the larger grid is set equal to 0.1
times the large grid horizontal permeability. Third, the
porosity of each large grid is set equal to the arithmetic
average of the porosities of the small grids.

B. fBm Cross Section Generation

Hewett and Behrens® describe the method to build fBm cross
sections. Following their method, the left and right edges of
a cross section, a;, are filled with well log data as shown
in Equation A-1., A linear interpolation is made between the
edges of the array as shown in Equation A-2.

tBm noise is now generated. This noise is actually fBm in
the horizontal direction and fGn in the vertical direction.
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fBm noise is now generated. This noise is actually fBm in
the horizontal direction and fGn in the vertical direction.
The noise is generated from an equation for the spectral
density similar to the way fGn noise was generated. As a
discrete. inverse Fourier transform, the noise array, . 1s
generated in the same manner as fGn (Equatlons A-12 through A-
22) except

Rh ., = E=TEr czl(n e (A-34)
with

¢ = NX/NY (A-35)
and

B=H~+1 whére 0.5 ¢<H<K1 (A-36)

Note that this aspect ratio, ¢, is based on the number of
grids, not the physical dimensions of the cross section. As
with fGn, 7, only needs to be generated to within a
multiplicative constant, because 7 Will be rescaled to the
well data before it is used.

The noise array, u;,, is now scaled so that the total
variance of the noise array, v;, matches the variance of the
well logs, vi. This is done by the following linear scaling
of the noise array:

v 1/2
LN 72] LED: (A-37)
where
1 (A-38)
P - m)2 -
Vr NXNYJZ“& (Mg, - M)
Iy 1 (A-39)
Tl = n_ -
NXNYJZ;]; dek

and vy is defined by Equation A-30.

The next step is to add the noise array, Tk, €O the linear
interpolation array, a,, in such a way that the edges of the
final array are similar to the original log data. This is
done by a procedure outlined by Journel. First, a linear
interpolation between the edges of the noise array is made,
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(Mpyx, e = My, 1)

C(F - A-40
GE T x -1 ( )

dj,‘k = nl,k +

This array, d;,, is subtracted from the original noise array
so that the edges of the new noise array are zero:

€5, = Mjx =~ 97,k (A-41)

The resulting array, ej,, is now added to the linear interpola-
tion array, a,,

Lje= a5, * €5 (A-42)

As with f£Gn, one final linear scaling is made. The
purpose is to adjust the variance of the final array to the
variance of the well logs while preserving the average of the
edges of the array to the average of the well log data. The
linear scaling which gives the desired result is the fol-
lowing: » |

1/2 -
I3, = [%ﬂ - F) +E ‘(A-4v3)
where
: NX NY ‘
- =2 - I)? A-44
Vr AD{NY;;; (f5,6 = 1) ( )
T %ﬁfjk (A-45)
NX NYZH & 7
Ny NY
o= |5l fue * 5 fueal/2 | (A-46)
o -] NYJ;L 1,k -Nykzl Lk
E=[Z+ﬁ]/2 A (A-l{-7)

and v; is defined by Equation A-30. L and R are defined by
Equations A-4 and A-6, respectively,

When fBm cross sections are generated for the field case,
they are generated from porosity log data at the scale they
are to be used (here 2" x 16'). No coarsening up of the grid
is performed. As with fGn, horizontal permeabilities are
assigned to the grids using Equation 1. Vertical permea-
bilities are set to 1/10 the horizontal permeabilities.
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C. Linear Scaling

Linear scaling is used several times in generating cross
sections. The basis of this is described here. One Gaussian
distribution can be changed into another Gaussian distribution
while preserving the relationship of all of the point values
if a linear transformation is made. To go from a Gaussian
distribution with mean, p;, and standard deviation, o, to
another Gaussian distribution with mean, py,, and standard
deviation, o,, each value in the first array, x;, is changed
into each value in the second array, y;, as follows:

vy = [%] (5 - Ba) *+ iy (A-48)

The linear scaling equations used for fGn and fBm cross
section generation can be derived from Equation A-48 by noting
that the variance of a distribution is equal to its standard
deviation squared.
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Investigating Infill Drilling Performance and
Reservoir Continuity Using Geostatistics

D. S. Wolcott, ARCO Alaska, Inc.
A. K. Chopra, Atlantic Richfield Co.

L INTRODUCTION

One of the objectives of a field development program is to
determine the maximum well spacing that will effectively drain the
reservoir. While widely spaced wells have proven to be effective, field
experience is showing infill drilling produces substantial additional
recovery.l-3 In heterogeneous reservoirs, infill drilling increases
reservoir continuity and enhances areal and vertical sweep efficiencies.
For reservoir management and economic reasons it is important to
predict the performance and additional recovery from infill drilling.
Traditionally, reservoir descriptions have been generated, at interwell
locations, using algorithms which result in smoothed predictions. The
use of homogeneous or smoothed descriptions is not adequate because
important mechanisms are not considered. Incorporation of
heterogeneities in reservoir simulators is important but cannot be
conducted with conventional mapping techniques. The use of
geostatistics provides a framework for incorporating reservoir
heterogeneities at interwell locations in the description.

For many years, the mining industry has used geostatistics to
evaluate the quality, quantity and orientation of ore bodies.#-9 The term
- geostatistics refers to statistical techniques that account for spatial
continuity and variability. Continuity is an essential feature of natural
phenomena, but not easily quantified using traditional deterministic
techniques. The importance of incorporating the spatial variability in an
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optimal weighting system was first recognized by Drozdov, a Russian
hydrometeorologist, in the early 1940's. The first elementary kriging
method of regression was done by Krige,? who applied his techniques to
gold mines in South Africa. Matheron? provided a foundation for
geostatistics and gave the name of "regionalized variables" to the
variables typical of a phenomenon having a spatial correlation structure.
More recently, Lorenz,l0 Tsonis,!! and Tennekes!2 have applied
stochastic methods for weather forecasting. Geostatistics provides
methods for predicting uncertainty by creating multiple realizations of the
reservoir description. The probabilistic framework is useful because it
leads to a system of equations for determining the estimate and
uncertainty.

In recent years, the petroleum industry has pliaced greater
emphasis on these techniques for reservoir characterization because of
their promise to integrate data and grovide a framework for describing
interwell heterogeneities.13-2 The key issues in reservoir
characterization are the estimation and representation of key reservoir
properties at interwell locations, prediction of reservoir performance, and
the understanding of reservoir heterogeneity. The precise level of detail
required and suitable techniques are not well-defined in the industry. The
detail that must be described in a reservoir description depends on its
intended use and varies for different processes and reservoirs.24-27

Several approaches of estimation have relied on deterministic
interpolation of key reservoir properties based on a geological model of
the reservoir. The geological model is based on thin sections, core
descriptions, sedimentology of the region, and the associated
interpretation.27-34 In some of these approaches, boolean methods are
applied successfully to represent geology. However, in other instances,
contour maps are drawn manually or by computer to honor the well data.
These contour maps are then translated to a grid suitable for reservoir
simulation. Currently, many traditional mapping techniques minimize the
inherent geological heterogeneities or do not consider them. These
descriptions may generate inaccurate results when used with flow
simulators. The industry wide application of geostatistics is still limited
in reservoir engineering because of lack of understanding of how reservoir
heterogeneity, generated using geostatistical techniques, affects fluid
flow and reservoir performance.35 Most of the previous work on flow
simulation using geostatistical realizations has focused on using two-
dimensional cross sections with streamtube models.21,22

This paper presents an investigation of infill drilling performance
and reservoir continuity using geostatistics and a reservoir simulator.
The study area is the A4 Sandstone Formation, drillsite 1E (DS-1E), in
the Kuparuk River Field (Fig. 1). The A4 Sandstone, particularly DS-1E,
was chosen because of the higher density of wells in this area. The DS-
1E has variable (40 to 160-acre) spacing compared to the remainder of



the field developed on 160-acre spacing. Also, previous geologic studies
have correlated the lithofacies of subunits of A4 interval resulting in a
high resolution geologic description of this drillsite.36

The maps generated from kriging and conditional simulations are
used in a three-dimensional black oil reservoir simulator. We show that
inclusion of heterogeneities using conditional simulation predicts
recovery efficiencies different from those predicted by kriging, a smoother
mapping technique. Also presented are reservoir performance
predictions showing lower recovery efficiencies for thinner beds and
additional recovery from infill drilling.

II. RESERVOIR GEOLOGY AND SUBUNIT DATA

The Kuparuk River Field, discovered in 1969, is on the North
Slope of Alaska, near the western edge of the Prudhoe Bay Unit. The
field produces from two distinct intervals. The lower of these is the A
interval which is composed of five sand bodies (A1 through A5, Fig. 1).37
The interval is characterized by lenticular, shingled, sheet-like sandstone
bodies. A4 sand body is the major producing sand of the A interval in
DS-1E. These sands were deposited in a regressive shelf setting during
the Lower Cretaceous age. The best reservoir-quality rocks are
amalgamated deposits of multiple episodic storms; whereas, the thinner,
lower quality reservoir sands represent isolated storm events.
Sandstone beds in these facies range from 0.5 to 8 feet thick.

A4 sand is divided into eight subunits which are named according
to the geologic nomenclature as: A, B1, B2, B3, B4, C1, C2, and C3 (Fig.
2). The A subunit is the lower sand and C3 subunit the upper. The eight
subunits are characterized as hummocky, cross stratified and flaser
bedded sandstone.38 They are discrete flow units within the A4
sandstone body and are separated by mappable shale sequences. These
shale sequences restrict vertical flow during waterflood.

The geologic experience in this area indicates higher permeability
typically occurs in the thicker zones.36:39 A correlation of increasing
permeability with thickness was obtained from core data. Shown in Fig. 3
is the geometric mean of permeability versus total thickness for each
subunit . An example linear model is shown demonstrating the trend.
The higher permeabilities are generally associated with the thicker
- amalgamated beds and lower permeabilities with the thin single event
beds. A similar relationship has been observed by other investigators for
another sandstone deposit.#0

Ankerite, a carbonate authigenic mineral, is a common diagenetic
cement in the A4 Sandstone and is present in five of the subunits. This
cement fills the porosity and creates permeability barriers. The effect of
ankerite zones was included in the reservoir descriptions.
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Fig 1. Locality map of the A Sands and Drillsite 1E, Kuparuk River Field.
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Fig. 2. Fence diagram of the Kuparuk A4 sandstone body in Drillsite 1E,
Kuparuk River field (Copyright 1991 SPE, SPE 22164, International
Arctic Technology Conference, May 29-31, 1991 in Anchorage AK).
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Fig. 3. Geometric mean of permeability for each subunit by thickness
with an example linear model. ~

III. VARIOGRAM EVALUATION AND INFERENCE USING
ANALOGS ‘

The first step in evaluating reservoir heterogeneity was to
construct semi-variograms for each subunit, using gross thickness data
for each of the eight subunits. The gross thickness is the total subunit
- thickness including ankerite zones. The important values derived from an
experimental variogram are its shape, nugget, sill and range. Range is
the distance after which the data are not correlated, nugget generally
represents the measurement error or lack of small scale correlation of the
data, and sill is a measure of sample variance. The Appendix shows the
method to calculate a semi-variogram and Clark#! gives more detail.

For each of the eight subunits in DS-1E, thickness data are
available from 15 wells. To confidently infer a semi-variogram with
information from 15 data points alone is difficult. Therefore, information
from an analog formation was included to interpret the variograms. This
improved the understanding of the continuities and thickness
distributions occurring in storm-generated shelf sandstones.

The analog studied was the Miri Formation#2 from the Seria Field
in Brunei, Borneo. This field was chosen as an analog because it is a
storm-generated shelf sandstone and considered to be depositionally
similar to the Kuparuk River Field.36 The Seria Field has wells drilled on
two 10 seven acre spacing and contains six sand layers. An example



Miri thickness map for the B sand is in Fig. 4. Since this field was
sampled on such a close spacing and the number of wells is large, the
confidence in the resulting semi-variogram is greater. Therefore, the
character of the semi-variograms at interwell scale is better-understood.
The most notable contributions from the Miri semi-variograms
were the approximate values for nugget, range and sill. In Fig. 5, the
normalized variograms of four Miri sands and a spherical model are
shown. The normalized variograms were obtained by dividing each
variogram by its variance. - Two significant observations are: a) the
nugget values are approximately zero, and b) correlations exists for the
first 2000 ft. Although the variograms do show a nested structure at
2500 ft, this structure was not observed from the limited data in Kuparuk
DS-1E. This lack of similarity is not significant because the scale of
interval heterogeneities for DS-1E wells is less than the distance at
which the nested structure is observed. Other possible methods for
deducing the variogram are the use of outcrop analogs#3-44 and soft
seismic derived correlations.43-48 The data can be further conditioned by

pressure transient tests.*? These methods were not used in the present
study. ‘
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Fig. 4. Thickness map, B-Sand, Miri Formation, Seria Field, Borneo
(Atkinson et al., Canadian Society of Petroleum Geologists, 1986).
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Fig. 5. Example spherical model with the normalized omni-directional
semi-variograms of thickness, Miri Formation, Seria Field, Borneo.

The information from the Miri analog was used when fitting the
spherical models to the Kuparuk semi-variograms. Because of the large
distance between wells and less number of wells in the Kuparuk DS-1E,
sufficient statistics were not always available for semi-variance values
below the range of the semi-variogram. In such cases, as a first
approximation to the Miri analog, the sill was set equal to the variance,
the range was set at 3000 feet and nugget was set to zero. Then, the
model was fine tuned by raising or lowering the sill until the best fits
through the Kuparuk experimental semi-variograms were obtained.
Different spherical models were fit to the experimental semi-variograms
of thickness for all the subunits. Fig. 6 is a histogram of the C3 subunit.
All the normalized semi-variograms and an example spherical model for
the subunit C3 are shown in Fig. 7

For subunits A, B1, B3, C2 and C3, a semi-variogram of ankerite
thickness was also generated. Because limited ankerite data were
available for each layer, only one composite ankerite semi-variogram was
generated using the data from all five layers. A spherical model was fit
to the composite variogram.
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IV.  KRIGING AND CONDITIONAL SIMULATIONS

The variogram model and the thickness data at wells, for each of
the subunits, were input in the conditional simulator to predict the
thicknesses at interwell reservoir grid points. The conditional simulation
package is a commercial program using the turning bands method to
generate realizations.’0 Ten conditional simulation realizations and one
kriged map were generated. The ankerite variogram model and the
ankerite thickness data from the wells were input into the conditional
simulator. Again, ten conditional simulation realizations and one kriged
map of ankerite were generated for the five subunits containing ankerite.
For these subunits, the ankerite thicknesses for maps 1 through 10 were
subtracted from their gross thickness maps. The resulting maps are the
net thickness maps (Fig. 8).

The permeability values for each of the descriptions were
computed using a permeability-net thickness correlation (Fig. 9).
Porosity values were determined using a porosity-permeability
correlation. This method may result in slightly different total pore volume
for each realization. The kriged pore volume was the average of all-
different realizations. To account for these differences, the pore volume
injected for each realization is normalized by its total pore volume.

For each of the eight subunits, ten conditional realizations and the
kriged map are possible reservoir descriptions honoring the known data
and spatial correlation structure. The kriging technique is similar to the
more traditional mapping techniques minimizing the estimation variance.
The resulting kriged maps have smooth contours and gradual transitions.
However, the conditional simulations incorporate a level of heterogeneity
known to exist.38 These maps do not have smooth contours and the
transitions may be more abrupt. Conditional realizations are generated
by using the kriged map as the base map and using variogram information
to infer the possible range of values at interwell locations. For thickness,
the kriged map is compared with a conditional realization in Fig. 8. A
similar comparison of the maps for permeability is shown in Fig. 9. The
permeability maps are derived from their respective thickness maps. The
kriged maps are smooth, whereas the conditional realizations have a
more ragged appearance. Ten conditional realizations were generated to
approximate the total range of geologic possibilities.

V. RESERVOIR FLOW SIMULATION _

The recovery variations among different realizations and effect of
infill drilling were studied using the flow simulator. For infill drilling, the
well configurations and number of patterns need to be considered in
addition to reservoir heterogeneities. Four producers at the corners of a
pattern flood are equivalent to one producing well in a homogeneous

10
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reservoir description. Studying one specific configuration would not
provide a realistic measure of the benefit of infill drilling for
heterogeneous geology. Scaling up the performance of one or a few
patterns with pre-defined configurations may not represent full field
performance. One good alternative may be to use descriptions from
unconditional simulations to evaluate the effect of infill drilling. When
the reservoir description is conditioned to well data, we can study
different- well configurations and choose the best one for additional
recovery from infill drilling on the specific drillsite.

- The configurations shown in Fig. 10, for 160, 80 and 40-acre
spacings, were found to be the best for additional recovery from infill
drilling of DS-1E. On the 160-acre spacing, there are three water
injectors and three oil producers. On the 80-acre, all 160-acre injectors
were converted to producers and two injectors added. The 160 and 80
acre wells are converted to injectors for the 40-acre case, and seven
producers added. The ten conditional realizations and one kriged map
were incorporated in a black oil reservoir simulator for each of the
configurations.

L1/2 MILE—l

o +—

A
it 4 9 o
A
A o e—9
160 ACRE WEL)L SPACING 80 ACRE WELL SPACING 40 ACRE WELL SPACING
A INJECTOR
® PRODUCER

Fig. 10. Location of the simulation wells for 160, 80 and 40 acre spacing
(Copyright 1991 SPE, SPE 22164, International Arctic Technology
Conference, May 29-31, 1991 in Anchorage AK).

Each layer in the reservoir flow simulator represents a geological
subunit. The 1 X 0.5 square mile area of each layer is divided into 2145
grid blocks of 82.5 X 82.5 square feet (Fig. 11). There are 33 grid blocks

13



in the easting direction and 65 grid blocks in the northing direction. The
total number of grid blocks for eight layers is 17,160. Because of the
continuous shales between the subunits, the vertical transmissibilities
are set to zero. Hence, comparisons of the areal sweep eff1c1en01es of
individual subunits are easily conducted.

The fluid property data are based on fluid samples from the A-

sand in DS-1E. The gravity of the fluid is 21.8° APL The initial reservoir
pressure and the bubble point pressure are 3150 and 2535 psia,
respectively. The relative permeability data are also for the A-sand. The
average connate water saturation is 18% and the average residual oil
saturation to water is 16.9%. The average porosity is 22% and the
absolute permeability to air varies between 20 md and 300 md.

The shut-in logic in the simulator was such that when a well's
producing WOR reached 19, the well was shut-in. Once all the producing
wells were shut-in, the simulation was complete. A prudent field practice
is to cement squeeze the high WOR layers. However, this was
considered impractical for closely spaced thin subunits within the A4
sand body. Therefore, subunits were not shut-in selectively in the
simulator.

Production and injection for the 160, 80 and 40-acre cases for 11
descriptions were examined by layer and well. The individual layer
production was examined because thicker continuous layers masked the
recovery efficiency from the thinner less continuous layers.

Fig. 11. High resolution description of the eight subunits in DS-1E.
33 X 65 grid blocks per layer and 8 layers, 17,160 grid blocks total.
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V1. RESULTS

A. Recovery Variation

The normalized recovery efficiency is plotted versus pore volume
injected for the 11 realizations for each well spacing. The normalized
recovery efficiency is the recovery from a particular realization divided by
the recovery obtained from the kriged reservoir description for the 160
acre spacing. For the Kuparuk DS-1E, there are significant recovery
differences between kriged and conditionally simulated descriptions
(Figs. 12 through 14). As seen, the kriged recoveries are always higher
than the conditional recoveries through all ranges of pore volumes
injected.  This is true for 160, 80 and 40-acre well spacings. The
conditional recoveries are lower because conditional simulations
generate a more heterogeneous picture of the reservoir. Also, conditional
simulations provide a technique to assess uncertainty in the performance
predictions based on limited available data.

1.2
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0.0 0.2 0.4 0.6 0.8 1.0 12
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Figure 12 - Normalized recovery response for eleven realizations
on 160 acre spacing.
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Figure 14 - Normalized recovery response for eleven realizations

on 40 acre spacing.
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The previous discussion is on recovery predictions for all eight
layers. The normalized recovery efficiency for each layer was examined
to understand the effect of conditional simulation on characterization and
response of individual layers. Examples of the thickness maps for the
thin (subunit B4) and thick (subunit C1) subunits are in Figs. 8 and 15.
The thin subunit has more discontinuities and the thick subunit is more
homogeneous.

The results show the conditional simulation has a bigger effect on
recovery of thinner subunits. For example, in Fig. 16, subunit B4 has a
recovery efficiency for the kriged map much larger than the conditional
realization recoveries. Similarly, the other thin subunits (A, B1, B2, and
B3) have recovery efficiencies more affected by the discontinuities
incorporated in the mapping. The inclusion of the heterogeneities in the
thin sands results in a lower predicted recovery efficiency. The
conditional realizations incorporate believed heterogeneities which are
smoothed by a kriged map. The normalized recovery efficiency, hence the
sweep efficiency, depends on heterogeneity and mobility ratio. The
recovery efficiency in the thinner subunits would be affected even more
for adverse mobility ratio displacements. -

The recovery efficiency predictions for the thicker subunits C1, C2,
and C3, are not affected significantly by the description method. For the
thick C1 subunit, the kriged recovery is approximately the average of the
conditional realization recovery predictions (Fig. 17). This implies that
conditional simulation for the thicker subunits does not introduce
discontinuities impacting recovery adversely. The fluctuations around the
kriged recovery curve reflect the uncertainty in the reservoir description
based on available data.

Based on these results, a correlation is suggested between
recovery efficiency and subunit thickness. The average of recovery of all
realizations for each subunit was plotted against the corresponding
average thickness for the 160 acre well spacing (Fig. 18). The figure
shows a strong correlation between the two variables. Moreover, the
recovery efficiency begins to reduce significantly for layers with average
thickness less than 4 feet. The thickest subunit, C3, consistently has the
highest recovery efficiency.  As thinning progresses, so does the
reduction in recovery efficiency. For subunit thickness less than 4 feet,
the trend is very abrupt. The correlation between recovery efficiency and
thickness (not shown in this paper) also occurs in the 80 and 40-acre
well spacings. The results show the reduction in the overall recoveries,
when conditionally simulated maps are used, is caused by low recovery
efficiency in the thinner subunits.
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Figure 16 - Normalized recovery response of eleven realizations
on 160 acre spacing for Subunit B4.
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Figure 17 - Normalized recovery response of eleven realizations
on 160 acre spacing, Subunit C1.
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Figure 18 - Average normalized recovery with error bars from
160-acre flow simulated realizations.

Average layer thickness alone, however, is not a complete
estimator of recovery efficiency. Other factors, variance and correlation
structure, influence recovery. For instance, in Fig. 18, the C2 and B3
subunits have close to the same average thickness, but the recovery
efficiencies for the B3 subunit are lower and distributed more widely than
the C2 subunit. ~ This is because the B3 subunit, where it exists, can be
very ‘thick but then thins out quickly. The C2 subunit is areally
continuous, and does not vary greatly in thickness.

B. Additional Recovery from Infill Drilling

The recoveries from flow simulations of 40 acre well spacin g were
subtracted from 160-acre well spacing for each of the subunits to evaluate
the additional recovery from infill drilling. Fig. 19 shows the additional
recovery versus average subunit thickness and an approximate curve
drawn through the results. The additional recovery from infill drilling
increases as the average thickness decreases.

The additional recovery from infill drilling was also calculated for
160-acre to 80-acre case. Though not shown in this paper, the same
basic trends are observed. However, the magnitude of additional
recovery for subunits less than three feet is not as large as observed for



160-acre to 40-acre case. This is because the discontinuities in the thin
subunits limit recovery at larger well spacing. Such trends were less
pronounced and not easily discernible using kriged maps. As shown in
Fig. 20, the kriged map estimates are more widely scattered and
attempting to fit a correlation through the data without conditional map
results (Fig. 19) would be difficult.

The average of the normalized recoveries from the 10 conditional
realizations for each of the infill cases is in Fig. 21. There is a
correlation between higher recovery efficiencies and closer well spacing.
The average 80-acre well spacing recovery efficiency is higher than the
160-acre recovery efficiency and the 40-acre recovery efficiency is higher
than the 80-acre recovery efficiency. ‘
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Figure 19 - Normalized conditional average additional recovery

(fraction of 160 acre kriged map recovery) with error bars of 160 to
40 acre spacing. :
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VII. CONCLUSIONS

1) Recovery efficiencies from conditional simulation realizations are
lower than smooth kriged map recovery efficiencies.

2) A correlation between recovery efficiency and thickness is
observed. Thin beds (less than 4 ft) have lower recovery
efficiency, whereas thick beds (more than 7 ft) have a higher
recovery efficiency.

3) Reservoir performance predictions of the conditional simulation
realizations for different well spacings show additional recovery
benefits from infill drilling. Smaller well spacing gives higher
recovery efficiency, agreeing with field experience. Other sand
bodies and other areas of the field having thinner subunits will
have even higher additional recovery from infill drilling. -

4) The additional recovery predictions from infill drilling from 160-
acre to 40-acre spacing is significantly higher for subunits less
than five feet thick. The same trend is observed in the 160-acre to
80-acre case, except the additional recovery for subunits less than
three feet is not as large. This is caused by the scale of
heterogeneity generated by conditional simulations,

5) Geostatistics provides an effective framework to quantify the
uncertainty in reservoir performance and allows us to develop an
understanding of the additional recovery from infill drilling from
different subunits.

VIII. FUTURE RESEARCH

The recovery variations and additional recoveries, predicted for
the DS-1E area, are based on thickness and permeability variations.
Additional recovery from infill drilling can be substantially higher in other
parts of the field with higher proportions of thin discontinuous beds.
Other correlations (e.g., permeability-porosity) may introduce different
nature of heterogeneity. Other forms of heterogeneities, such as faulting,
can also increase additional TeCovery estimates.

Turning bands conditional simulation was considered adequate
within the scope of the present investigation because it provides insight
regarding the effect of heterogeneity vis-a-vis smooth maps. From
geologic experience, these predictions show a level of heterogeneity
believed to be more realistic than the kriged maps. Future work will also
address the modern techniques of indicator simulation!3, simulated
annealing.19-20 and scaleup techniques.5!
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IX. NOMENCLATURE

a = range (ft)

C = sill or variance

g(h) = variance as a function of h

h = distance between points (lag)
N(h) = pairs of Z values separated by h
Z(x1) = Z value at point xj

Z(xj+h) =Z value at distance h from point xj
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A COMPARISON OF OUTCROP AND SUBSURFACE
GEOLOGIC CHARACTERISTICS AND FLUID-FLOW
PROPERTIES IN THE LOWER CRETACEQUS
MUDDY J SANDSTONE

David F. Mayer

Department of Petroleum Engineering
Colorado School of Mines
Golden, Colorado

Mark A. Chapinl

Department of Geology and Geological Engineering
Colorado School of Mines
Golden, Colorado

I. INTRODUCTION

Outcrop studies have been made to help define
the external geometry of reservoirs, their internal
architecture, and the distribution of fluid-flow
properties between wells. 1In these types of studies
analogous outcrops in the same formation or in
similar depositional environments as producing
fields are used.

This paper compares characteristics of the Muddy
(J) Sandstone observed in outcrops and in cores from
the Peoria Field in Colorado. These comparisons
were made to determine if the outcrops were
analogous to equivalent strata in the subsurface and
if outcrop observations and measurements could
assist in the construction of fluid-flow models.

lpresent address: Shell Offshore, Inc.,
New Orleans, Louisiana.
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II. STRATIGRAPHY OF THE J SANDSTONE
IN THE DENVER BASIN

This study compares reservoir properties and
geologic characteristics of outcrops and subsurface
reservolr rocks from the J Sandstone which is the
upper most unit of the Dakota Group in the Denver
Basin in Colorado. The Lower Cretaceous Dakota Group
was deposited over the Jurassic Morrison Formation
and consists of both marine and nonmarine rocks
(Figure 1).
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Fig. 1. Surface and subsurface stratigraphic
units of the Denver Basin and Front Range outcrops.



A. Fort Collins Member

The Skull Creek Shale of the Dakota Group was
deposited in the Cretaceous Western Interior Seaway
in the Peoria Field area and on its margins as seen
in outcrops near Morrison, Colorado (Figure 2) (1).
The Skull Creek Shale contact with the overlying
Muddy (J) Sandstone is transitional and indicates a
rapid regression of the sea (2). This lower portion
of the Muddy (J) Sandstone has been called the Fort
Collins Member or the J-3 unit in the Denver Basin
(3) . The J-3 unit includes the Fort Collins Member
and also floodplain and crevasse splay deposits above
the regional unconformity but below channel sands (J-
2 interval) in the Horsetooth Member discussed below.
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Fig. 2. Structure contours on top of the
Precambrian (modified from Matuszczak (4))



The Fort Collins Member is composed of an upward
coarsening, bioturbated sandstone which has been
interpreted to be a delta front facies deposited as a
result of the regression of the Western Interior Sea
(5). These marine sandstone deposits are truncated
by a regional unconformity caused by the continued
drop in sea level which allowed erosion of marine
sediments (3). Basement block movement formed
topographic lows that created drainage paths to the
regressing sea which incised valleys into the
underlying strata (3). The Fort Collins Member was
partially removed from higher elevations and in some
cases was totally removed from the valleys.

B. Horsetooth Member

The rise in sea level which followed caused
backfilling of the incised valleys with floodplain,
crevasse splay, distributary channel, fluvial,
estuarine, and overbank deposits. These valley-fill
deposits have been referred to as the J-2 unit in the
Denver Basin (6). Strata deposited above the
lowstand unconformity also have been called the
Horsetooth Member of the Muddy (J) Sandstone (3).

C. Transgressive Marine Deposits

The continued rise in sea level filled valleys
and deposited coastal plain sediments over the entire
region. This transgression of the sea caused the
shoreline to.move over the coastal plain. Shoreface
erosion occurred and a transgressive surface of
erosion moved across the coastal plain sediments (3).
A bioturbated sandstone was deposited above this
erosion surface as the sea continued its
transgression. This sand, which is at the top of the
Muddy (J) Sandstone and the Dakota Group, is referred
to as the J-1 unit in the Denver Basin. Figure 3 is
a summary of the sequence of sediments which resulted
from these events (7).

As the sea level continued to rise marine silt
and mud (Mowry Shale and Huntsman Shale of the Benton
Group) were deposited over the Muddy (J) Sandstone.
Deposition and subsidence caused burial of the Muddy
(J) Sandstone to continue through the late Cretaceous
and into the Cenozoic when the Laramide Orogeny ended



burial and deformed the Denver Basin to its current
condition. The uplift allowed erosion of overlying
strata exposing sediments of the Lower Cretaceous
along the western edge of the Denver Basin (3).

The Peoria Field produces from fluvial channel
and splay sands in the J-2 unit of the Muddy (J)
Sandstone in the Denver Basin (7). The J-1, J-2, and
J-3 units have not been defined in outcrops.
However, the rocks studied in outcrop are channel
sands deposited on an erosion surface cut into the
Skull Creek Shale (1). The characteristics of these
channel sand bodies are compared below.
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Splay Sandstones Shale

Fig. 3. Muddy (J) Sandstone Stratigraphy in the
Denver Basin (modified from Chapin (7)).



ITTI.

A COMPARISON OF LITHOFACIES

IN THE PEORIA FIELD AND IN QUTCROPS

Cores and outcrop sections were described and
small-scale lithologic units with associated grain

sizes, clay content,

and biological and physical

sedimentary structures were grouped together into

facies. Five facies were
descriptions of which two
Similar facies were found
near-surface cores and in
Field. These five facies

distinguished from these
were reservoir facies (7).
in outcrop sections and
cores from the Peoria

are described below.

1. Crevasse splay and splay channels composed of
coarsening-up units of planar and rippled
laminae, with thin, trough cross-stratified
beds at the top. . This unit is productive in
several wells in the Peoria Field but has not
contributed a significant amount of
production.

2. Fine—-grained vertical accretion deposits made
up of parallel-laminated and convolute-
laminated overbank mudstones from marshes,
lakes, and brackish bays were found in the
Peoria Fileld area. Outcrop overbank facies
"are composed of tidal-flat sandstones and
mudstones.

Three facies were used to describe point bar
deposits in the Peoria Field. This same succession
of facies was observed in channels found in
outcrops. These point bar and channel facies have
been designated Facies I, II, and III with the
numbers indicating their succession from the base to
the top of a channel.

3. Facles I consists of trough cross-stratified
and massive sandstone and a minor amount of
planar-laminated sandstone. Trough cross-
stratified structures usually range from .5
to 1.5 feet in thickness in Peoria Field
cores. Facies I represents the basal channel
fill of a point bar. Deposits above basal
scours commonly consist of mudclast-~rich
sandstones made up of clay rip-up clasts or
mudstone break—-up structures. Lateral
accretion surfaces with mudstone drapes



trough cross-stratified sandstone units have
been observed in several wells. Facies I in
outcrop is comprised mainly of cross-
stratified structures, both trough and planar-
tabular sets. Large sand bars also can be
found in outcrops and are included with cross-—
stratified structures in the comparisons which
follow. This facies contains the best
reservoir rock and the largest grain sizes.

4. Ripple-laminated sandstone is the predominant
stratification type found in Facies II in the
Peoria Field. Mudstone draped ripple
laminations as well as thin, trough cross-
stratified and massive beds also can be found
in this facies. Facies IT typically consists
of lower energy sediments deposited over
Facies I. These are deposits of the middle to
upper point bar, but Facies II also can occur
as the lowest facies in a channel above the
scour surface in partial abandonment fills.

In outcrop Facies II contains more trough
Ccross—stratified sandstone than in the Peoria
field. Facies II also is considered to
contain reservoir sands but these are of
poorer quality than those of Facies TI.

5. Facies III consists mainly of ripple-laminated
sandstone which is finer grained than that
found in Facies II and contains a much greater
quantity of mud drapes. Wavy or flaser
bedding and convolute bedding also can be
found. This facies can be present either as a
thin interval at the top of point bar deposits
or as a thick, abandoned channel fill (7).

Over 200 sieve analyses were performed on outcrop
and Peoria Field samples. Most of the samples ranged
from fine-grained to very-fine-grained sand. Several
samples from Facies I were lower-medium grained and
vertical accretion deposits were made up of silt-
sized grains.

The average of the mean grain diameters of Facies
I samples from the Peoria Field was found to be 2.63
phi units and the average Trask sorting cocefficient
was 1.14 (lower-fine grained, very-well-sorted sand).
The average Facies II sample was well-sorted, upper-
very-fine—-grained sand with an average Trask sorting
coefficient of 1.24 and a mean grain diameter of 3.10



phi units. Facies III samples were well sorted,
lower-very-fine—-grained sand.

Peoria Field samples from Facies I were finer
grained and better sorted than those from outcrop
core plugs. The average Facies I outcrop sample was
composed of well-sorted, upper-fine-grained sand with
a Trask sorting coefficient of 1.21 and an average
grain diameter of 2.40 phi units. OQutcrop samples
from Facies II were found to have a mean grain
diamater of 3.14 phi units and a Trask sorting
coefficient of 1.26 making the average sample well-
sorted, upper-very—-fine-grained sand.

The differences in the mean grain diameters
between the faciles exhibits an upward-fining pattern.
This upward-fining pattern within a channel was found
to occur in steps between facies but within facies
grain size changes were erratic with intervals of
larger or smaller grain sizes dispersed through a
generally upward-fining trend. Within Facies I it
was common to find smaller grain sizes immediately
above the basal scour surface.

Chapin determined the percentage of each facies
within channelbelts in the Peoria Field and in
outcrops (7). This comparison is shown in Figure 4.

Peoria Field
H outcrop

Pevrconlage of Channeibeit

I 1 1l
Facies

Fig. 4. Distribution of facies within
channelbelts (from Chapin (7)).



IV, COMPARISON OF EXTERNAL SANDBODY GEOMETRIES

Genetic units have distinct internal
arrangements of facies and characteristic dimensions
and geometries. This enables the distribution of
facies identified in cores or outcrops to be used to
infer the geometry of a sedimentary body.
Comparisons of the distribution of stratification
types within similar facies, of the proportion of
facies within channelbelts, and the nature of
overbank deposits between outcrops and the Peoria
Field indicate differences in stream geometries (7).

Sandstone bodies observed in outcrop exhibit
both downstream accretion in the form of large
cross-bed sets with steep foresets deposited as bars
within the channels and lateral accretion identified
by the existence of epsilon cross-bedding with a
upward-fining sequence occurring in steps. Deposits
outside the channels contain tidal flat sandstones
and mudstones which indicate the channels were
located in a nearshore environment. These facies
relationships indicate Facies I, II, and III in
outcrop were probably deposited by low-sinuousity.
distributary channels (7). Others have found that
low-sinuousity channels can contain downstream-
accreting, longitudinal and transverse bars (5) and
also point bars (8).

Cores from the Peoria Field were found to have a
fining-up sequence of sediments occurring in steps,
a decrease in the scale of the sedimentary
structures moving up through a facies, and a thicker
and more developed Facies II sandstone than the
outcrop sections. Outcrops contain less Facies II
than the Peoria Field and include more cross-
stratified sandstone in this unit. The overbank
deposits in the Peoria Field do not contain evidence
of a nearshore environment and mainly consist of
coarsening-up vertical accretion to crevasse splay
sequences. Large cross-bed sets and planar-tabular
cross-stratification were not observed in the Peoria
Field cores. The sandstone from Facies I, II, and
III in the Peoria Field were probably deposited by
moderate— to high-sinuousity meandering streams of
the coastal plain (7).

Within the Peoria Field two levels of
meanderbelt sandbodies were found. These two levels
of coalesced meanderbelts exhibited varying degrees



of interconnectedness (7). Channels and the
distribution of facies within the channels were
mappable sandbodies in the Peoria Field (7).

V. DIAGENETIC CHANGES AND THE EFFECT
OF CONFINING STRESS

Quartz overgrowths, -authigenic kaolinite, and
feldspar dissolution creating secondary porosity are
the most prominent diagenetic features found in
samples from the Peoria Field and from outcrops.
Samples from both locations showed similar
diagenetic features when observed using a scanning
electron microscope.

Both surface and subsurface rocks from Facies I
and II are texturally mature, quartz-rich
sandstones. Quartz overgrowths are the most common
cement and cause a significant reduction of the
original porosity. Kaolinite which occurs as a
pore-filling clay was found to be the most abundant
authigenic clay making up approximately 3 to 4
percent of the rock (9). Other clays present in
small amounts in Peoria Field samples include
illite, smectite, and mixed-layer clays (9).

Outcrop samples contain small amounts of illite and
pyrite (10).

The dissolution of feldspars has caused the
formation of secondary porosity. Thin sections from
outcrop samples generally exhibited greater amounts
of kaolinite and secondary porosity than Peoria
Field samples (7). This is probably due to fresh
water moving through the outcrops.

The initial burial history of both outcrop and
Peoria Field rocks were similar but the Laramide
Orogeny and subsequent ercsion of the overburden
exposed the Muddy (J) Sandstone along the western
edge of the Denver Basin. Because of their similar
initial burial histories, diagenetic modifications,
and cementing, outcrop and subsurface reservoir
rocks were believed to have similar compressibility
characteristics. This was confirmed by measurements
of pore volume and permeability on outcrop and
Peoria Field samples at different values of
confining stress. Figure 5a and b show that similar
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changes occur to surface and subsurface samples with
the application of confining stress.
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VI. PORE TYPES IN OUTCROP AND SUBSURFACE ROCKS

Based on sieve analysis, mercury injection
curves, and air permeabilities it was found that the
two reservoir facies contained six pore types, three
within Facies I and three within Facies II. These
pore types are associated with specific
stratification types. The following list describes
the six pore types which were found:

1) Lower-medium-grained through upper-fine-
grained trough and planar-tabular cross-
bedded strata and horizontal-laminated beds
within Facies I with grain sizes ranging from
1.8 to 2.4 phi units.

2) Massive beds within Facies I.

3) Lower-fine-grained, cross-bedded strata
within Facies I with grain sizes between 2.4
and 2.9 phi units.

4) Cross-bedded and massive beds within Facies
IT with grain sizes between 2.9 and 3.1 phl
units.

5) Ripple-laminated beds which do not have mud
drapes. This pore type from Facies II was
found to have mean grain sizes between 3.0
and 3.4 phi units.

6) Ripple-laminated beds with mud drapes and
mean grain sizes between 3.4 through 3.8 phi
units. This pore type also includes wavy and
convolute laminated beds and mud break-up
beds within Facies II.

Figures 6a and b show mercury injection curves
from outcrop and Peoria field samples for different
stratification types. Mercury injection curves
measured on outcrop samples were found to have wider
pore throat distributions than Peoria Field samples
from the same stratification type. In most cases
the outcrop samples also had lower displacement
pressures than subsurface samples. Because grain
sizes and sorting factors were similar for surface
and subsurface samples the wider distribution of
pore throat sizes is believed to be caused by the
greater amount of secondary porosity found in
outcrop samples.

Channels and facies within the channels were
mappable but the vertical and areal distribution of
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pore types within each facies could not be mapped
with any degree of certainty. For this case
geostatistical techniques are required to map the
distribution of pore types within each facies.
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Figures 7a and b show the distribution of the
pore types found in outcrops and in Peoria Field
cores. OQutcrops contained greater amounts of
coarser-grained, cross-bedded sandstone in Facies T
and more cross-bedded sandstone within Facies IT
than the Peoria Field. Peoria Field samples

contained more ripple laminated sandstone in Facies
ITI than outcrops.
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VII. PERMEABILITY CHARACTERISTICS

Porosity and permeability values measured on
outcrop samples from Facies I and II were greater
than those from the Peoria Field. Permeability-
porosity crossplots using core plug data from
outcrop and Peoria Field samples are shown in Figure
8a and b. Data from each facies are identified on
these graphs. These data indicate that each of the
reservoir facies is associated with a different
permeability population. Histograms of these
populations show permeability values for each facies

to be lognormally distributed and porosity to be
normally distributed.
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Minipermeameter measurements were made on cores
from nine wells and core plug data were measured on
cores from twenty wells in the Peoria Field. Figure
9 shows the distribution of facies and pore types
and their corresponding permeabilities in Peoria
Unit #67. A Dykstra-Parsons plot of minipermeameter
data from this well is shown in Figure 10. A
Dykstra-Parsons coefficient computed from the best-
fit straight line representing all the permeability
data for this well was equal to .86 indicating a
heterogeneous reservoir. However, the data shown in
Figure 10 do not fall on a single line; instead,
several straight-line segments can be identified.
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Fig. 9. Distribution of permeability, pore
types, and facies in Peoria Unit #67.
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In order to determine if permeability was
related to smaller reservoir units the permeability
data first were classified by facies and then by
pore type. Each of the straight-line segments
observed in Figure 10 was found to be associated
with a particular facies or pore type. All of the
sampled wells exhibited this behavior. Population
statistics were computed and Dykstra-Parsons plots
constructed for each facies and pore type present in
each sampled well. Histograms of permeability data
from each pore type were lognormal distributions.
Core plug permeability values from Facies I and II
were used to construct the Dykstra-Parsons plot
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shown in Figure 11. Only 40 permeability
measurements were available for this graph. From
this plot it is difficult to detect the existence of
different permeability populations. The greater
number of permeability measurements obtained using a
minipermeameter enabled more detailed features to be
identified on the Dykstra-Parsons plots.

The Dykstra-Parsons coefficients and geometric
mean permeabilities computed for each facies and
pore type in this well are shown below:

- All core plug permeability data
- All minipermeameter data
- Minipermeameter data - Facies I
- Lower-fine-grained
cross-bedded - Facies I
— Masssive - Facies I
Minipermeameter data - Facies II
~ Massive - Facies II
- Ripple laminated - Facies II

|
[ T

From these data it can be seen that Peoria Unit
#67 is composed of two permeability populations each
related to a reservoir facies. Each facies is more
homogeneous than the total reservoir thickness. The
large difference in permeabilities between Facies I
and II is due to the difference in grain size
between these two facies.

The permeability population of each facies
contains several smaller permeability populations
which are related to different pore types. Pore
types are more homongeneous than the facies in which
they are found. Differences in permeability between
different pore types are believed to be caused by
differences in packing and grain sizes in different
stratification types. These observations indicate
that a single Dykstra-Parsons coefficient can be a
misleading indication of heterogeneity when a
- reservoir is composed of distinct zones with
different permeability populations. .

A Dykstra-Parsons plot of 165 core plug
permeabilities taken from outcrop samples is shown
in Figure 12. Facies and pore types in outcrops
exhibited similar characteristics to those observed
in the Peoria Field. The average permeability of
each pore type was greater in outcrops than in the
Peoria Field.

.74 and 51. md.
.86 and 53. md.
.58 and 163. md.

.47 and 192. md.
.43 and 87. md.
.62 and 11.4 md.
.37 and 23.7 md.
.51 and 8.0 md.

18



3.0

25 s

20 0

{psrmeability)

0.5

0.0 =r—r=r—r T r—r—r—T T YT

Probabliity Scale
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VIII. CAPILLARY PRESSURE AND RELATIVE PERMEABILITY
CHARACTERISTICS

Restored-state, oil-water relative permeability
and capillary pressure measurements were made on
outcrop and Peoria Field samples from each pore
type. Oil-water capillary pressure curves measured
during primary drainage are displayed in Figure 13a
and b. These measurements were performed at
reservoir temperature using a synthetic brine and
Peoria Field crude oil in a centrifuge. The oil-
water capillary pressure curves do not follow the
same patterns observed in mercury injection
measurements.

The initial water saturations from Peoria Field
samples ranged from 17 to 30 percent. Capillary
pressure data were not measured on a ripple-
laminated sample with mud drapes from the Peoria
Field. However, the other Peoria Field curves
indicate this pore type probably would contain oil
but at a high water saturation. Outcrop samples had
a much broader range of initial water saturation
values. Both of the ripple-laminated pore types
from outcrops exhibited very large initial water
saturations and probably would not be productive in
the subsurface.

Forced imbibition and secondary drainage curves
provided data to compute the USBM wettability index
of each core plug (11). This index varies from +1.0
for strongly water-wet rock to -1.0 for strongly
oil-wet samples. The wettability index measured for
each pore type 1is listed below:

1. Peoria Field samples
a. Facies I
— Massive = ,1932
— Cross-bedded = -.0043
b. Facies II °
— Massive = —-,2151
— Ripple laminated = -.4424
2. OQutcrop samples
a. Facies I
- Massive 1.153
— Cross-bedded = -.,0259
b. Facies I1I
— Cross-bedded = .180
— Ripple laminated (no mud drapes) = .127
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Oil-water relative permeability measurements
were performed at reservoir conditions on outcrop
and Peoria Field samples. Peoria Field data from
Facies I and II are shown in Figures 1l4a and b and
outcrop measurements are displayed in Figures 15a
and b. These curves were measured during an
imbibition process.

Relative permeability curves from pore types in
Facies II measured on both surface and subsurface
samples show a very similar character. The Peoria
Field samples from Facies II were moderately oil wet
and the outcrop samples were slightly water wet.
These curves show oil to be mobile over a wide range
of water saturations. However, small oil relative
permeability values combined with low absolute
permeabilities measured in Facies II indicate this
facies would not provide a significant contribution
to the o0il production rate.

Each pore type within Facies I exhibited unique
relative permeability characteristics. Peoria Field
samples from Facies I had neutral to slightly water-
wet wettability characteristics. Residual oil
saturations of samples from Facies I in the Peoria
Field were greater than those from Facies II.

Large differences in the wettability of
different pore types in outcrop samples from Facies
I are believed to have caused the differences in
their relative permeability characteristics.

Massive samples from outcrops were strongly water
wet, had large values of o0il relative permeability
at initial water saturation, and had the largest
residual oil saturation of any sample. Cross-bedded
outcrop samples were found to have neutral wetting
and extremely low residual oil saturations. The
relative permeability characteristics of this pore
type were similar to those found in Facies II
samples. .

The differences in relative permeability
characteristics of pore types within Facies I should
be accounted for in fluid flow models.
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IX. SUMMARY AND CONCLUSIONS

Comparisons of outcrop and subsurface rocks from
equivalent strata in the Muddy (J) Sandstone were
made to help define the interwell character of
channel sands in the Peoria Field for fluid-flow
models. Outcrops were found to have grain sizes,
sedimentary structures, and facies successions
within channel deposits similar to those in the
Peoria Field. From these observations two reservoir
facies were identified in both surface and
subsurface rocks. The proportion of each facies
within channels and the distribution of
stratification types comprising each facies were
different in outcrops and in the Peoria Field.

Channels observed in outcrops were interpreted
to be low-sinuousity distributary channels and
Peoria Field channel facies were thought to be
moderate~ to high-sinuousity, fluvial, point bar
sands deposited on the coastal plain.

Mercury injection characteristics, grain size
analyses, and permeability populations showed that
the two facies were each composed cf three different
pore types. Each pore type was associated with one
or several stratification types. Similar pore types
were found in outcrops and Peoria Field cores.
However, the properties of each pore type differed
between the surface and subsurface. Also, the
~amount of each pore type within the two reservoir
facies was different in outcrops and Peoria Field
cores. Oil-water relative permeability and
capillary pressure curves were different for each
pore type and between surface and subsurface samples
from similar stratification types.

For this case an outcrop study was useful for
determining how fluid~-flow properties are related to
rock types and for establishing the number of units
(pore types) needed for reservoir description.

These results indicate the need to consider the
distribution of stratification types or pore types
within a facies when scaling up reservolr properties
for fluid-flow models in this type of reservoir.
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INTEGRATED OUTCROP AND SUBSURFACE RESERVOIR
CHARACTERIZATION: CARBONATE SEQUENCE
STATIGRAPHY AND RESERVOIR BEHAVIOR OF THE
GIANT ANETH OIL FIELD, SE UTAH

By F. M. Wright and L. J. Weber
Mobil Exploration and Producing U. S. Inc.
Midland, Texas

ABSTRACT

Since discovery of the Aneth field (1956), 360 MMBO (~1250 MMOOIP) have been
produced from Middle Pennsylvanian (Desmoinesian) carbonates of the Ismay and Desert
Creek intervals. Improved prediction and identification of by-passed, banked, and/or
undeveloped oil is possible within the Aneth oil field through integration of reservoir
production/performance data and a strong geologic framework. Sequence stratigraphic
analysis results in high-resolution time-based facies correlations that approximate flow
zones. A less reliable lithostratigraphic (rock-based) zonation scheme was used in the
field for 30 years; production anomalies (e.g., rapid CO3 breakthrough) were inexplicable
without numerous reservoir bounding faults. Recently, evaluation of ~~12,000 feet
(3,660 m) of core indicates that interwell and reservoir performance variations are related
to temporal and spatial heterogeneity of carbonate depositional environments and
associated early diagenesis.

This new sequence stratigraphic framework for the Desmoinesian section in
southeastern Utah incorporates: 1) surface exposures at Honaker Trail, located 40 miles
(64 km) west of the Aneth field, 2) well logs near the outcrop area, and 3) core and well
logs in the Greater Aneth field and allows correlation of genetically related lithofacies.
The stratified reservoirs of Aneth occur within transgressive systems tracts, highstand
Systems tracts, and to a lesser extent lowstand systems tracts.

Distinctive facies stacking patterns and associated diagenetic trends resulted in the
formation of highly stratified Desert Creek and Ismay reservoirs. Sequence stratigraphy
provides an improved framework for correlation and mapping of reservoir facies. This
work focuses on integration and iteration of production/performance data with the

geologic framework to better define zones of fluid flow.
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COMPARISON OF GEOSTATISTICAL
CHARACTERIZATION METHODS
FOR THE KERN RIVER FIELD®

Joseph P. Vogt

Exploration & Production Technology Department
Texaco, Inc. '
Houston, Texas

ABSTRACT

Three dimensional conditional simulation (3DCS) is a
method to interpolate reservoir characteristics such as
porosity, permeability, and facies between wells. 3DCS is
usually thought to be the best characterization technique for
flow studies. However, this method is also quite CPU intensive.
Other geostatistical techniques, such as pseudo 3D conditional
simulation (P3DCS), 3D kriging (3DK), and pseudo 3D kriging
(P3DK) are less CPU intensive. Therefore it is important to
know when P3DCS, 3DK, and P3DK can be substituted for 3DCS. 1In

this paper, we will answer this question for the Kern River
Field in California.

© A substantial portion of this paper is from SPE 22338, which
will be published in the proceedings of the SPE International
Meeting on Petroleum Engineering to be held in Beijing, China,
March 24-27, 1992.
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I. INTRODUCTION

The Kern River Field is located northeast of Bakersfield,
California on the southeastern edge of the San Joaquin Valley
(Figure 1). The field was discovered in 1899 and ranks as the
fifth largest in the United States in original oil in place.':?

Oregon

= >

Nevada

) Kern River Field
/ Bakersfield

J—J::J San Emigdio
SN Tehachapi Mts.

Arizona

Mexico

Figure 1. Kern River Tocation.



For the first fifty years of its 1ife, Kern production was
slowed by the high viscosity of the crude (12 Pa.s (12,000 cp))
at the reservoir temperature of 20-30°C (68-86°F). Beginning in
the mid-1950’s, bottomhole heaters, steam stimulation, and
finally steam displacement rejuvenated the field in a develop-
ment program that continues to this day. Overall field produc-
tion has plateaued and now appears to be slowly decreasing.
Intensive geological and engineering efforts are being made to
produce as much of the remaining oil as practical. These
efforts include the use of geostatistics to help develop geo-
logical models at both the well-to-well and field-wide scales.

Even with today’s computers, geostatistical software can
be expensive to run. Therefore it’s important to use the Teast
CPU intensive modeling technique that will_still accurately
characterize the reservoir. Previous work® has shown that
conditional simulation is better than kriging for characterizing
the permeability of a 2 ft by 2 ft Berea sandstone slab. By
comparing outcrops with geostatistical results, we’ve found that
conditional simulation is also better than kriging for pre-
dicting the shale continuity at Kern River. In this paper,
therefore, we’11 regard 3DCS as reality. The other three
methods will be compared to 3DCS on the basis of (1) shale
continuity predictions and (2) CPU time.

In addition to comparing geostatistical techniques, this
paper points out two important limitations of most commercial
gridding software that claims to be 3D. First, most software
works in only one plane at a time. The resulting 3D grid, then,
is really made up of a series of independent 2D grids (i.e.,
pseudo 3D). For reservoirs that have small variability (high
correlation) perpendicular to these 2D grids, the resulting 3D
grid is not realistic. Second, most (al1?) commercial software
uses algorithms that, 1like kriging, do not reproduce the
statistics and texture of the original data. Rather, these
algorithms underpredict the extreme values of the data and
smooth it out spatially. The physical results of this second
shortcoming will be seen in the course of this paper.

IT. SOFTWARE

_ The geostatistics software we used uses conventional
kriging* and two different types of simulation: the turning
bands method (tbm)4 and the matrix decomposition method (mdm).
Some general comments are offered below.

For conventional kriging, Gaussian elimination is used to
solve the kriging equations.



For single conditional simulation realizations, the tbm is
faster than the mdm. The tbm is not used for three dimensional
(3D) problems, however, because in 3D, mathematical difficulties
can be encountered when using fractal variograms. These
difficulties do not occur with the tbm in 2D. :

For single conditional simulation realizations, the mdm is
sTow compared to the tbm because the decomposition of the
covariance matrix in the mdm takes a long time. However, as the
number of realizations increases, the mdm becomes relatively
more efficient because the same matrix decomposition can be used
for:all the realizations.

In summary, it’s best to use the tbm for a small number of
2D realizations. For a large number of realizations or for a 3D
problem, mdm is best.

III. STATISTICS

The short normal resistivity data used in this paper came
from two "typical" wells (5510053 and 5510076, also called Reed
Crude A53 and Reed Crude A76, respectively) in the central
portion of the Kern River Field. The sample probability density
function (pdf) from the wells is shown in Figure 2.
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Figure 2. Sample probability density function (PDF)



Notice that the sample pdf is bimodal, that is, it has two
humps.  The first hump (Tow resistivity values) comes from
shale, and the second hump (high resistivity values) comes from
sand.

Normally, data from more than two wells would be used to
generate resistivity statistics and variograms. The purpose of
this paper, however, is to demonstrate techniques rather than
create a highly accurate Kern River model. For demonstration
purposes, then, data from only two wells is sufficient.

IV. VARIOGRAPHY

Kriging as well as the tbm and the mdm require a variogram
as input.

The first step in making a variogram is to strati-
graphically correlate the wells that are going to be used.®
This was done for 5510053 and 5510076.

After plotting the vertical variogram, it was decided to
fit it with a fractional Gaussian noise fractal model, whose
equation is

2y (B, 8) = vd2H2 (2 - (§+1)2H+z (%)ZH— |§-1|2H) (1)

In this equation, V is a fitting constant, § is a length
which is often taken as the data interval, and H is the fractal
exponent. In this study, instead of taking & as the data
interval, it is taken as 0.0l times a correlation length, which
is discussed in the next paragraph.

By definition,_ fractal variograms do not have ranges or
correlation lengths.” Random field generation methods such as
the tQp or the mdm, however, require a correlation length as
input.*® So in order to use such methods to generate random
fractal fields, we defined artificial correlation lengths that
are equal to or greater than the ranges of the data. This will
not affect the problem physically because the variogram is
strictly fractal within the range of the problem. However, it
does satisfy the mathematical need to have a correlation length.

For the vertical direction, only 305 m (1000 ft) of data
was available, so the vertical correlation length was taken as
305 m (1000 ft). An R/S analysis® gave the value of the fractal
exponent H as 0.85. The constant V was obtained from the
condition that the variogram at 305 m (1000 ft) equal the



variance of the resistivity, which is 100. This gave V equal to
117.29 (Q.m).? -

A picture of the vertical variogram is shown in Figure 3.

Next a plot was made of the horizontal variogram. It was
also fitted with the fractional Gaussian noise fractal model of
Equation (1). It was assumed that both the variance and fractal
exponent H of the resistivity in the horizontal direction are
equal to their values in the vertical direction. Then the three
constants V, &, and correlation Tlength for the horizontal
direction were determined from the three conditions that (1) §
for the horizontal direction is equal to 0.01 times the
horizontal correlation length, that (2) the horizontal variogram
curve at the well spacing (wh1ch is 122 m (400 ft)) passes
through the calculated variogram data point (whicth is 100
(@.m)°), and that (3) the value of the horizontal variogram at
its correlation 1length is equal to the variance of the
resistivity in the horizontal direction. This gives values of
V of 354.73 (Q. m) , 6 of 122 m (400 ft), and correlation length
of 12,192 m (40,000 ft) for the horizontal direction.

A picture of the horizontal variogram is shown in Figure
3. '
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Figure 3. Vertical and horizontal resistivity variograms.



V. WELLS

Studies subsequent to this one are being conducted to
arrive at geological and engineering conclusions for specific
portions of the Kern River Field. Our purpose here, however, is
to compare how four different geostatistical methods interpolate
properties between wells.

The simplest and most conclusive way to compare geostatis-
tical methods is to first generate artificial wells and then to
use the different methods to interpolate between them. Using
generated wells insures that the random variable being studied
is stationary, assures that the data set contains no outliers,
avoids the step of scale-up averaging of resistivity values,
allows us to put the wells exactly where we desire, and
generally makes the study easier to conduct and interpret.

In this study, we generated nine wells with the 61 m (200
ft) spacing shown in Figure 4. Each well has twenty equally
spaced resistivity values. These values were generated by using
the 3DCS method. The fractional Gaussian noise variograms in
Figure 3 were used as input. Even though the wells were
generated artificially, they cannot be qualitatively
distinguished from actual Kern River wells.

VI. ESTIMATION AND SIMULATION

A. Introduction

Resistivity values between wells can be obtained by
estimation (e.g., kriging) or simulation (e.g., the tbm or the
mdm) .

Kriging estimates a value at a point by taking a weighted
linear combination of the values at neighboring points. The
weights are chosen to make the estimate unbiased (the average
error of a series of estimates is zero) and to minimize the
variance of the errors. Kriging always honors the data.

Because of the assumptions on which it is based (zero
average error and minimum variance of the error), kriging is a
relatively accurate interpolation method. However, in general,
the statistics of kriged values are different than the data used
as input to the kriging procedure. In particular, the kriged
results have fewer extreme values (i.e., have a smaller standard
deviation) than the input data. Further, the variogram is not
preserved. Kriged maps are usually smoother than reality. Thus
kriging is most appropriate for such tasks as calculating an



average reservoir property. An example is average porosity
values to be used in reserves calculations.
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Figure 4. Grid dimensions and well locations.



Simulation generates points in space that have the same
histogram and variogram as the input data. In gridding applica-
tions, it duplicates the texture of the exhaustive data set.
Thus simulation is most appropriate for calculating a property,
such as permeability, that will be used in flow simulations.
This is because flow is controlled by the extreme values of
permeability rather than its average value. The disadvantage of
simulation is that its average error is larger than kriging.

In this paper, the pseudo 3D techniques are mathematically
the same as the true 3D methods except that the pseudo
techniques are applied to one layer at a time while the true 3D
methods are applied to all the Tayers simultaneously.

Using the resistivity values from the nine wells shown in
Figure 4 as input, the P3DK, 3DK, P3DCS, and 3DCS methods were
all applied, In all four cases, the value of the variogram
(60.3 (0.m)°) at the layer thickness (20 ft) is 60.3% of the
. sample variance (100 (Q.m)z). Qualitatively, this means that
there is a large variability (small correlation) between Tayers.
In such cases, pseudo 3D techniques will work almost as well as
the corresponding true 3D method.

B. p3dk

The 3DK method (using a search ellipse with 1000 ft
horizontal semi-axes) was applied at each of the grid nodes
indicated in Figure 4. This gave a total of 81x81x20 = 131,220
resistivity values. Then, based on experience at Kern River,
all nodes with resistivity values greater than 8 Q.m were taken
as sand, and all nodes with resistivity values less than 8 Q.m
were taken as shale.

C. 3dk

This method is the same as P3DK except (1) a search
el1ipsoid with horizontal and vertical semi-axes of 1000 ft and
40 ft, respectively, replaces the search ellipse of P3DK and (2)
data in all layers within the search ellipse is used simultane-
ously for kriging.

D. p3dcs

Same as P3DK except a conditional simulation technique4 is
used instead of kriging.



E. 3dcs

Same as 3DK except a conditional simulation technique4 is
used instead of kriging.

VII. COMPARISON OF RESULTS

A. Physics

Current wisdom at Kern River is that permeability dif-
ferences within the sands do not significantly affect fluid
flow. Rather, shale continuity is what governs fluid movement.

For some layers (e.g., layers 1, 2, 3, 5, and 8), all four
geostatistics results predict about the same shale continuity.
To save space, these layers are not pictured. For other layers
(e.g., layers 4, 6, 7, and 9), the four methods predict
different results. The differences (see Figures 5 and 6) are:

(1)  fourth Tayer: 3DCS predicts a shale in the lower right
hand corner that the other methods do not predict

(2)  sixth Tayer: P3DCS and 3DCS show more sand continuity than
P3DK and 3DK

(3) seventh Tayer: P3DCS shows a break in the shale in the
Tower left hand corner, but the other three methods do not

(4) ninth Tayer: P3DK and 3DK predict very small holes in the
shale only at the middle of the upper edge, whereas P3DCS
and 3DCS predict larger holes at these lTocations as well
as holes at the middle of the right hand edge; in

addition, P3DCS predicts holes at the middle of the front
edge.

The most important difference between the four geostatis-
tical methods is illustrated by 1ayer nine. Both kriging
methods predict that this Tayer is a shale barrier. Both
conditional simulation methods, however, predict that this shale
has holes in it. This shows that the kriging methods sometimes
obliterate critical features because kriging tends to give
overly smooth results. For this reason, kriging methods (or any
of the other commonly used gridding techn1ques that give overly

smooth results) are not recommended for simulating the shales at
Kern River.



B. Computer Time

Table 1 gives CPU time to generate an 81x81x20 grid block
model using each of the four geostatistics methods. The 3DCS
method, which is. the best technique for predicting shale
continuity, also takes the most CPU time. It is followed, in
descending order of time, by 3DK, P3DCS, and P3DK.

Table 1 also gives some indication of how the number of
layers affects CPU time for the various methods. As expected,
for only one layer, there is little or no CPU time advantage in
using the pseudo 3D methods. For twenty layers, however, there
is a substantial advantage.

Table 1 shows that kriging is much faster than conditional
simulation for one Tayer, but is not so much faster for twenty
layers. '

TABLE I. CPU time for four geostatistiéa] methods.”

User System Total
Interpolation CPU Timet CPU Timet CPU Timet
Method ~ (sec) (sec) (sec)
P3DK 72.32/ 3.70 3.86/0.30 76.18/ 4.00
3DK 290.14/ 3.03 12.61/0.23 302.75/ 3.26
P3DCS 100.34/29.16 3.15/0.93 103.49/30.09
3DCS 330.94/35.75 19.13/8.79 350.07/44.54

Run on a Cray XMP 216 with a UNICOS operating system

t (Time to Run a 20 Layer Model)/(Time to Run a 1 Layer
Model)

Finally, notice that the time it takes to run twenty
layers using the P3DCS method is much Tess than twenty times the
time for one layer. This is because the spectral density
function in the tbm only has to be calculated one time,
regardless of the number of Tayers in the model.



Figure 5. P3DK and 3DK results.
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Figure 6. P3DCS and 3DCS results.
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. Cost Effectiveness

To determine the most cost effective geostatistics method
to characterize the Kern River Field for flow simulation, we can
eliminate the P3DK and 3DK methods because, as pointed out in
the physics section, these techniques can give unrealistic
results. The P3DCS results are qualitatively similar enough to
3DCS that they can usually be used for screening purposes at a
considerable cost reduction (70% for twenty layers and 32% for
one layer). : :

VIII. CONCLUSIONS

1. P3DK and 3DK (and all other algorithms used in commercial

gridding packages) overpredict shale continuity at Kern
River.

2. 3DCS is the best method for predicting shale continuity in
the Kern River Field. P3DCS is a good screening method
because it gives results similar to 3DCS but uses less CPU
time (32% less for a one layer model and 70% less for
twenty Tlayers).

3. In general, P3DCS will give results similar to 3DCS

whenever the vertical variability between layers is large
(vertical correlation between layers is small).

IX. GLOSSARY
conditional simulation: A simulation that honors the input
data.

correlation length: The maximum distance over which the value
of a variable influences neighboring values.

estimation: A process that uses sampie information to predict
values in areas that have not been sampled.

fractal: A property is called fractal if it looks similar at
all scales.



fractional Gaussian noise: A generalization of Gaussian noise
(H = 1) in which the exponent H can take on fractional
values from 1/2 to 1.

histogram: A curve that indicates the probability that a
variable has a given value.

kriging: An estimation method that minimizes the expected value
of the squared error of an estimate.

mdm (matrix decomposition method): An averaging method that
generates a random field of numbers in space with a given
histogram and variogram.

pseudo 3D: When a gridding process for a series of parallel
planes is done independently in each plane, the collective
grid is called pseudo 3D. '

realization: One possible set of outcomes of a series of values
in space. ‘ _

probability density function: A type of histogram.

R/S analysis: An analysis which uses the range R in the values
of a random variable and the standard deviation S of the
variable to determine the similarity exponent H.

search ellipse or ellipsoid: An ellipse (2D) or ellipsoid (3D)
within which one searches for points that are to be used
for some purpose, such as kriging, etc.

simulation: A process that generates a random field of numbers
in space with a given histogram and variogram.

tbm (turning bands method): A spectral method that generates a
random field of numbers in space with a given histogram
and variogram. '

variabi]ity: High variability (low correlation) means that the
value at a point 1is not related to the value of
neighboring points. ‘

variance: The average of the squared difference between a
variable and its mean.

variogram: A curve that describes how a property can vary in
space as a function of the distance between two points.
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