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ABSTRACT

In this paper, anisotropy of resistivity of thinbedded formation is investigated
experimentally and numerically. The experiments consist of measurements of anisotropy
of resistivity on twin-plugs of laminated cores as a function of oil/water saturation. Our
results show a clear increase of the anisotropy of resistivity when S,, decreases. This
result demonstrates that anisotropy of resistivity is induced by the difference of saturation
between the sand layer (oil bearing) and the fine grain layers (water bearing). Our
modeling work was designed to compare the robustness of various equations for
estimating water saturation. Four models have been defined: a thinly laminated coarse
grain sand, a thinly laminated fine grain sand, a thinly laminated sand-shale and a
turbidite. The vertical and horizontal resistivity of each formation is calculated with a
dual water model. This anisotropy of resistivity is used to compare the oil content in the
origina model and the one obtained from various S, equations. This work demonstrates
that the use of resistivity parallel () and transverse (r\) to the bedding planes and an
accurate volume of fine grain, gives better S,, values than shaly-sand equations when we
know only the horizontal resistivity. In addition, a new S, equation for shaly sandstone,
which uses both ry and ry, but does not require the knowledge of water resistivity, is
proposed.

INTRODUCTION

Thinly laminated formations can be significant hydrocarbon reservoirs. Often such
formations are anisotropic and exhibit the classical “Low resistivity Pay” [1,2]. Cause of
very large anisotropy of resistivity (larger than 3) has been investigated over the last
decade and is more likely due to the presence of water bearing thin bed (shale layers for
example) and oil bearing sand layers [3,4]. Intrinsic electrical anisotropy of sandstone
(fully brine saturated) has been recently measured between 1 and 2, according to Jing et
al. [5]. However, this cannot be generalized to all sandstone and shae, and further
research is needed. We are conducting experimental measurements of anisotropy of
resistivity in laminated formation as a function of oil content in order to investigate this
behavior.



Additionally, we model four Representative Geological Units (RGU) that are: a coarse
grain with very fine grain thin bed sandstone (model 1), a very fine grain with coarse
grain thin bed sandstone (model 2), a shale-sand sequence (model 3) and a turbidite
(model 4). Using a set of petrophysical properties, we can calculate the apparent
anisotropy of resistivity of such formations. From the data generated with the forward
modeling, we can test the robustness of various S, equations. Additionally to the classical
Archie and dual water equations, which use horizontal resistivity, three other algorithms
that use both the vertical and the horizontal resistivity are investigated.

EXPERIMENTS

Description

Our experiments consist of measurements of anisotropy of resistivity on twin-plugs of
laminated cores as a function of oil/water saturation. Twin plugs have been used to
measure the vertical and horizontal resistivity. By vertical and horizontal, we mean
paralel and perpendicular to the bedding plane. Five formations have been chosen: Two
Berea sandstones, one Navajo sandstone, one Cutbank sandstone, and one Lyons
sandstone. The basic petrophysical properties such as gas porosity and gas permeability
are given in the Table 1. Plugs are cylinder of 38.1 mm diameter and 38.1 mm length.
The two Berea sandstones are homogeneous, while the Navago, the Cutbank and the
Lyons sandstone have thin laminations.

De-saturation and Resistivity M easurements

Cores were dried and then saturated with a 0.2 W-m NaCl brine under vacuum. We
achieve the various saturation steps by a centrifuge technique. Centrifugation is done
paralel to the bedding plane. The protocol for the de-saturation was done in order to
achieve as much as possible a homogeneous distribution of the fluids [6,7]. After careful
reviewing of the various option we have decide to centrifuge for 20 hours in one
direction, then 20 hours with the core flipped, and finaly 12 hours of equilibration time.
Centrifugation was done at various rates with Dodecane oil. Saturation measurements
were done through gravimetric technique and NMR T distribution.

Measurements of the resistivity were carried out using an HP4294A impedance meter
using the front four terminas of the device. Measurements were made in a pressure
vessel with low confining pressure at a frequency of 100 kHz where electrode
polarization and contact impedance are minimized [8,9]. An overall +10% error was
estimated by repeated measurements and a comparison of four and two electrodes
measurements. The anisotropy of resistivity, defined here as the ratio between the
resistivity perpendicular to the bedding and paralel to the bedding ¢/ rp), is then
measured for the various S, stages.

Experimental Results
Figure 1 illustrates the dependence of the anisotropy of resistivity on water saturation for
the five formations tested. When S, decreases, the ratio between vertical and horizontal



resistivity increases for the laminated formation (Navajo, Cutbank and Lyons). The
highest increase is seen for the Navajo sandstone where the anisotropy of resistivity
increases from 1.2 to 3.4 when the water saturation decreases from 100% to 10%. The
anisotropy remained constant for the two Berea sandstones that are homogeneous. In
addition, we see that the anisotropy appears only when S, is significantly low (around
30% to 40%).

The variation of the ratio r / r, when S, decreases is attributed to the differential of
saturation between the fine grain layer (water bearing) and the coarse grain layer (oil
bearing) [3,4]. This demonstrates that the laminated sandstones are isotropic when the
core is close to ully water saturated and become anisotropic when S, gets closer to
irreducible water saturation. This behavior is explained in figure 2. As the capillary
pressure increases in the laminated formation, the oil enters the coarse grain layer but not
the fine grain layer. Since the layer resistivities are summed in series for the vertical
resistivity and in parallel for the horizontal, you have an induced anisotropy. To our
knowledge, such induced anisotropy has been observed in some ailfields [10,11], but
rarely in the laboratory. We have experimentally proven here, that the cause of this
anisotropy is not fundamentally intrinsic but is linked with the fact that the fine grain
layers hold the water and the coarse grain layers are filled with oil.

MODELING

Description of the Four Representative Geological Units

For the forward modeling of the anisotropy of resistivity we describe four typical
sediment patterns: (1) A thinly laminated coarse grain sand, (2) a thinly laminated fine
grain sand, (3) a thinly laminated sand-shale and (4) a turbidite. Each one of those
formations is defined by a geometrical and petrophysical set of properties and like a
sequence of layers with different grain size and/or mineralogy: coarse grain / medium
grain/ fine grain / very fine grain/ shale (Table 2).

Set of Petrophysical Properties

Each layer type has a typical set of petrophysical properties summarized in Table 3. The
sand part (layer 1-2-3-4) is a clean to dightly shaly sandstone with a porosity ranging
from 25% to 22%. From the coarse grain layer to the very fine grain layer, the dry clay
content is increasing from 2% (percent weight) to 15%. The CEC of the dry clay content
is chosen equal to 0.3 meg/g, which corresponds to a mixture of 66% of illite, 16% of
kaolinite and 17% of smectite. The density of the dry clay (r 4o) iS2.73 g/cC.

Mixing Laws and conductivity equation

A stack of layers (layer 1 and 2) has average total porosity (F {), water saturation (S,) and
dry clay content (Vqq) that follow the basic set of equations:
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Here f; and f, are the volume fraction of each layer. The mixing laws for the resistivity of

a stack of layers are described in terms of series and parallel model. The averaging is
consequently a classic arithmetic mean and harmonic mean, which leads to:
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Conductivity equations for shaly sand are abundant in the literature [12, 13, 14, 15]. A
review of al of them [16] reveds that more than 19 S,, equations are available for the
hydrocarbon zone. We have decide to compute the resistivity of each layer according to
the Dual Water model [13]:
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In this model, myy is the dual water cementation exponent, n s the saturation exponents,
Swt IS the total water saturation, Sy IS the bound water saturation, Cys the free water
conductivity, and Cyp the bound water conductivity. We derived the various parameters
from the cation exchange capacity (CEC), the volume o dry clay V4q), the weight
percent of dry clay Wuq), the clay charge contribution per unit pore volume Q,, the
shalyness factor (y), the wet clay porosity (wgp) and the temperature. The myw is
calculated as follow:

m,, =1.75+0.258xy + 0,20(1_ e-16-4y) @

Those parameters are presented in the Table 3. Some parameters are equa for al the
layers. For example, temperature is set at 150 degree F, wet clay porosity is set at 0.18
and the conductivity of the bound water is set to 18.73 S/m.

Capillary Pressure Curves
In order to simulate the drainage of our stack of layers we approximate capillary pressure

curve for each layers. The function used to fit the capillary pressure curve is
/g

S’Vz(l- S/Vlfr)éajg +Swirr ifPC>Pb0rSN:1ich<Pb (9)
e

Tb
R o
In thisfit, Py is the entry pressure, Syirr the irreducible water saturation, S,, the total water
saturation and g the exponent that we fix equal to 2. The values of irreducible water
saturation were given in the Table 3 and pressure entry were chosen as follow: 1
(arbitrary unit) for the coarse grain layer, 2 for the medium grain layer, 5 for the fine
grain layer, 10 for the very fine grain layer and 20 for the shae.

Inversion of the Data Generated by the Forward M odeling

Models using horizonta resistivity only

One output of the forward modeling is the averaged horizontal resistivity as a function of
water saturation S, varying from 1 to S, for a given set of averaged properties. We




have decided to calculate the water content using Archie and dual water where the input
parameters are the averaged values of horizontal resistivity obtained by the forward
modeling.

Models using vertical and horizontal resistivity

In a 2001 SPE paper [17], following the work done by Klein et a [3, 4], F. Shray,
proposed an algorithm for water saturation computation in thin-bedded formations, where
the inputs are the horizontal resistivity, the vertical resistivity, the fine grained volumetric
fraction (from NMR) and the water resistivity. We will refer to the model by the acronym
SPC. In this approach, the thin-bed is seen as a bi-modal system composed of coarse
grain layers and fine grain layers. Knowing the horizontal and vertical resistivity, the
amount of fine grain material you first calculate the resistivity of the coarse grain and fine
grain layer. Then you calculate the amount of water in each layer using Archie’'s law
(with mand n equals to 2), then the total amount of water (Swspc).

Another approach, which is closely related to the previous one, uses dua water model to
invert the water saturation of the layers instead of a ssmple Archie’s law. We will refer to
the model by the acronym HDA. This leads to the following equation for water saturation
in each layer if we assume a saturation exponent n equal to 2:
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In this approach we need to know the conductivity of the layer C;, the one of the free

water C,s and bound water C,y,, the bound water saturation S, the total porosity F ¢, and
the Dual Water cementation exponent my, (Equation 7). In this model, we have used a
bound water conductivity of 18.7 Sm.

(10)

The two previous models use for input parameters the water resistivity and are multi-
steps models. We describe an algorithm that alows us a direct computation of S, from
the vertical and horizontal resistivity only. The range of application for this model is
limited to system where the thin bed layers have irreducible water saturation equal to 1.
The model assumes first that the system is a bi-modal system composed of coarse grain
layer and fine grain layer only. The second hypothesis is that the resistivity of the two
layers follows an Archie's law, each layer is isotropic and that the water resistivity is the
same in both layers. We can consequently write:
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We know that the vertical and horizontal resistivities of a layered system are calculated
using equations 4 and 5. If know we assume that both the cementation and saturation
exponent of both layers are equal to 2, the ratio between the horizontal and vertical
resistivity is:
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If we say that the fine layer is fully saturated with brine (Suwg = 1), then we can rewrite the

porosity and saturation of the coarse grain layer as functions of the bulk properties and
the fine grain properties:
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If we assume that the fine grain layer porosity and the total bulk porosity of the stack are
very close (F ¢y @F 1), then the anisotropy of resistivity can be expressed like:
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The general form of this equation is:
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After an analysis of sensitivity, we conclude that only the terms associated with the
constant a, d and e are important, at least when we are close to the irreducible saturation:
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We will refer to the model by the acronym SDR.

Comparison Between Forward Modelsand S,y Equations

Initial parameters

For each of the four system modeled here, we have decide to test two different sdinities;
a fresh brine (0.1 W:m) and more salty brine (0.03 W:m). For the shale-sand model, we
also decide to make the amount of fine grain materia or shale material flexible from 10%
to 30 %. The difference between the computed values and the initial value of the forward
modeling for the bulk volume of hydrocarbon (BVH) is noted DHCy. This value is the
difference in percent between the BVHxxx of the model “XXX” and the input, BVH;, of
the forward modeling




Model 1: Coarse grain thick layer / Fine grain thin bed

This modd is a stack of coarse grain sand (low S.irr) and fine grain sand (high Syirr). We
did not test the SDR equation on this model, because the SDR equation assumes that Sy
is equal to one in the fine grain layer. We have tested this model with a fraction of fine
grain material equal to 0.3 and two salinities: 0.1 W:m and 0.3 W-m. The Results for the
low salinity case is presented in the Figure 3. The Tables 4 and 5 give the detail of the
computation results. For both the high and low salinity, Archie and DW quite over
estimate the water content. However, the two algorithms (SPC and HDA) that are using
both the vertical and the horizontal resistivity, give much better results. If we now look at
the bulk volume of hydrocarbon in the formation things are, as expected, in favor of the
rv/ ryapproach. For example, at low salinity the SPC and HDA agorithms give a bulk
volume of hydrocarbon respectively equal to 0.172 and 0.182, while Archie leads to a
value of 0.143 (initial value = 0.179). Thisincrease in the reserve (about 25% more oil in
place) might make a big difference when considering the economical value of such a
formation.

Model 2: Fine grain thick layer / Coarse grain thin bed

This model leads to different result at low and high salinity (Table 4 and 5). In one hand,
for the low salinity situation all the models, but HDA, tested fail to give accurate values
for the bulk volume of hydrocarbon (around -16% to —35% of difference). On the other
hand, at high salinity, SPC and HDA equations seem to work better. However, those
discrepancies are just reflecting the small amount of oil in the formation.

Model 3: Laminated Sand-Shale

This model is a thinly laminated high resistivity sand and low resistivity shae. In this
case, we have tested the three algorithms (SPC, HDA and SDR). The use of SDR
algorithm is justified here by the fact that the shale layer has an irreducible water
saturation of 100%. The results for this model are presented for the two cases (low
salinity and high salinity) and for two different shale contents (10% and 30%).

From the result of our simulation (Figures 4), we can say that Archie and DW models
that use only the horizontal resistivity give too low oil content. When we compare with
the three algorithms that use both the vertica and the horizontal resistivity, we see a
much better agreement for the bulk volume of hydrocarbon. The HDA and SPC equations
work well in al cases but the low salinity and 30% shale seems to be more challenging.
For this sand-shale system, it is noticeable that those models (SPC, HDA and SDR)
dightly over estimate the amount of oil. Nonetheless the bulk volume of oil computed by
those three algorithms are much more accurate than the simple Archie or even DW
model. However, the differences between the three algorithms are small (around 4% at
Svirr). The results are summarized in the Tables4 and 5. From our work, we can say that
for the sand shale sequence, the three algorithms are suitable and choosing one rather
than the others relies on your knowledge of the formation. If you have access to a lot of
information, included bound water saturation then you best choice is HDA, if you have



only access to the water conductivity the SPC is you best pick, and if you have no
knowledge about formation water resistivity the SDR equation is the one to use.

Model 4: Turbidite

The turbidite model is of a great interest for the oil industry because of the widespread of
such reservoir type in the deep offshore business [18]. Again, the §, values computed
from the algorithm that use both the vertical and the horizontal resistivity are in much
better agreement with the forward moded inputs (Figure 5). In one hand, al three

algorithms (SDR, SPC, HDA) give good results. On the other hand, the SDR and HDA
algorithms seem to be less sensitive to the salinity (Tables 4 and 5).

Application to Experimental Data

Our set of data being mainly eolian sandstone only the SPC equation has been tested for
the laminated formations. The amount of grain material was computed from the NMR T,
distribution of the samples. We have chosen a 33 ms cutoff [19]. Results are presented in
the Table 6 for the three laminated formations and for two water saturations. We can see
that the use of only the horizontal resistivity and Archie's law leads to too much water.
However, the SPC mode that uses both vertical and horizontal resistivity give water
saturation in much better agreement with bulk value measured by buoyancy. We see also
that the SPC model tends to overestimate oil content. This has been shown also with the
modeling developed above. One has to note that the anisotropy measured are much
smaller than the anisotropy modeled in this work. One obvious reason is that our samples
are eolian sandstones where it's more likely that the water saturation in the thin
lamination is not close to one. Another factor is the fact that the amount of lamination is
small in our sample set.

CONCLUSION

A set of anisotropy of resistivity experiment was achieved. In this experiment, twin plugs
of laminated and non-laminated formations were measued. For different water
saturation, we have measured the vertical and horizonta resistivity. We found that the
ratio of the vertica and horizontal resistivity increases when bulk water saturation
decreases in laminated formation. For non-laminated formations (i.e. homogeneous), we
found that the anisotropy of resistivity remains constant and close to one regardless of the
bulk water saturation. The change of the ratio r / r, when S,, decreases is attributed to
the differential of saturation between the fine grain layer (water bearing) and the coarse
grain layer (oil bearing). This demonstrates that the laminated sandstones are isotropic
when the core is close to fully water saturated and become anisotropic when S, gets
closer to irreducible water saturation. We have experimentally proven here, that the cause
of this anisotropy is not fundamentally intrinsic but is linked with the fact that at
irreducible bulk water saturation, the fine grain layers hold the water and the coarse grain
layers are filled with oil. Using forward modeling, we have computed the anisotropy of
resistivity of four Representative Geological Unit (thick layers of coarse sand with thin
layers of very fine sand / thick layers of fine sand with thick layers of coarse sand, thinly



laminated sand-shale and turbidite). From a given set of petrophysical parameters
(porosity, irreducible water saturation, CEC and dry clay content), a Dual Water (DW)
equation was used to generate the resistivity of each layer. The output of this forward
modeling is the vertical and horizontal resistivity, the total porosity and shale content.
From this output, we have computed the water saturation from the horizontal resistivity
using Archie and DW and from both the vertical and horizontal resistivity using three
algorithms (SPC, HDA and SDR).

In one hand, we have found that the turbidite model is well characterized by the SDR
equation, that the sand-shale model can be assessed through the SPC and HDA and in
some extent by the SDR equation. On the other hand, the model number one (fine grain
thin layers between coarse grain tick sand bodies) requires the SPC or HDA algorithm for
evaluation. The main difference between the SPC and HDA algorithms in one side and
the SDR equation in the other side is the knowledge of water resistivity and the fact that
SDR equation is a single step agorithm while the others requires four steps of
computation. For the thinly laminated sand-shale sequence and turbidite at irreducible
water saturation, the SDR equation is a potential candidate for a quick answer at the well
site, while the SPC and HDA algorithm are good candidates for more complex answer.
For the grain size variation problem the SDR equation is not useful (because of the 100%
water saturation in the fine grain assumption) and we have to rely on the SPC or HDA
equation. However, the SPC has the advantages of requiring less data, particularly the
bound water saturation and the water conductivity. As a conclusion, we can say that the
use of 3D resistivity measurement combined with a fine grained fraction measurement
(NMR or Gamma Ray) can provide a good thin-bed evaluation methodology, and
increase significantly the value of thin-bedded reservoirs.
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Table 1. Petrophysical properties of the five formationstested.

Sample name Axe Porosity k (mD) Description
B100-V Vertical 0.18 0 Homogeneous Berea sandstone
B100-H Horizontal 0.18 120 Homogeneous Berea sandstone
B500-V Vertical 0.23 900 Homogeneous Berea sandstone
B500-H Horizontal 0.23 750 Homogeneous Berea sandstone
NAV-V Vertical 0.13 900 Laminated Navajo sandstone
NAV-H Horizontal 0.14 30 Laminated Navajo sandstone
CB-V Vertical 0.15 5 L aminated Cutbank sandstone
CB-H Horizontal 0.15 0.5 L aminated Cutbank sandstone
L266-V Vertical 0.15 1150 Laminated Lyons sandstone
L266-H Horizontal 0.15 150 Laminated Lyons sandstone

Table 2. Proportion of each layer typein the four models (volume fraction).

_ Layer 1 Layer 2 Layer 3 Layer 4 Layer 5
Model Description Coarse Medium Fine Very fine Shale
1 Coarse gralqsedlmgnt Wlth. 0% 0% 0% 0% 0%
layers of very fine grain material
> Very finegrain sed!ment Wl'th 0% 0% 0% 80% 0%
layers of coarse grain material




3

Sand-shal e thin-bed sediment

70%

0%

0%

0%

30%

4

Turbidite (fining up)

25%

25%

20%

20%

10%

Table 3. Petrophysical propertiesand dual water parameter s of the variouslayers.

Type F Swirr | Sw | Wolay | Woe | Vaa | F | Q Sub y Myw
Coarse | 25% | 8% | 2% | 2% | 2% | 15% | 12] 005 | 1.3% | 0.016 | 1.80
Medium | 23% | 20% | 3% | 5% | 5% | 4% | 16| 013 | 35% | 0.040 | 1.86
Fine 22% | 40% | 4% | 10% | 10%6 | 8% | 21| 028 | 75% | 0.080 | 1.92
VeryFine | 22% | 80% | 8% | 15% | 15% | 12% | 23| 0.42 | 11.3% | 0.119 | 1.95
Shale 30% | 100% | 60% | 60% | 60% | 42% | 21 | 1.13 | 30.1% | 0.486 | 2.08
Table 4. Results of theinversion (saturation) for the model number 1to 4.
Mod. | fig [ rw(Wm) | ry(Wm) | rn(Wm) [ ry/rn| Sw Sit Swt | S | Sw | Sw
Archie | WS | SPC | HDA | SDR
1 |03 0.1 270 8.8 307 | 26% | 44% 3% [ 29% | 25% | -
1 (03] 003 110 3.1 B | 26| 40% 3B% | 26% | 25% | -
2 |08 0.1 78.9 3.3 237 | 3% | 7% 69% | 70% | 63% | -
2 [08] 003 322 1.2 269 | 63% | 70% 69% | 64% | 63% | -
3 |01 0.1 345 9.4 37 |16 40% 36% | 16% | 14% | 15%
3 [03 0.1 269 3.2 2 | 3%| 6% 61% | 34% | 32% | 34%
3 [01] o003 142 4.1 B | 16| 34% 32% | 15% | 15% | 15%
3 [03] 003 110 1.4 79 [ 3| 55% 57% | 34% | 36% | 34%
4 o1 0.1 112 5 23 | 40%]| 60% 54% | 37% | 35% | 3%
4 03] 003 46 2 24 | a0%]| 5% 52% | 35% | 35% | 3%
Table5. Resultsof theinversion (BVH) for the model number 1to 4.
Mod. | fiq rw | BVH; | BVH, | BVH; | BVH, | BVH, | BVH, | DHC | DHC | DHC | DHC | DHC
w.m Arch.| DW | SPC | HDA | SDR | Arch.| DW | SPC | HDA | SDR
1 03 | 01 [0179] 0134[ 0158 0172 0182 - [ -25% | -17% | -4% | 2% -
1 03 | 003 [0179] 0143[ 0150 0178 0.182 | - [ -20% | -16% | -1% | 2% -
2 08 | 01 [0.082]0053] 0069 0068] 0084 - [-35% | -16% | -17% | 2% -
2 08 | 003 [ 0.082] 0068[ 0071 0082] 0084 - [-17% | -13% | -1% | 2% -
3 01 | 01 [0214]0152] 0.164] 0.215] 0220 | 0218 -29% [ -23% | 1% [ 3% | 2%
3 03 | 01 [0166]0.088]0.104] 0.174] 0.180 | 0176 | -47% | -37% | 5% [ 8% | &%
3 01 | 003 [ 0214] 0170] 0173 ] 0.217] 0216 | 0218 -21% [ -19% [ 2% [ 1% | 2%
3 03 | 003 [ 0166] 0118] 0.114] 0176 ] 0171 | 0176 | -29% | -31% | 6% [ 3% | &%
4 01 | 01 [0143]0.095]0.110] 0.149] 0.155 | 0.150 | -33% | -23% | 4% [ 8% | 5%
4 01 | 003 [ 0143] 0114 ] 0.115] 0.156 | 0.155 | 0.150 | -20% | -20% [ 9% [ 8% | 5%

Table 6. Comparison between measured S, and computed S,, for the Archie’ slaw
and the SPC algorithm.

Sample | r/r, | Swhbulk | Sw Archie | Sw SPC
NAV 2.5 0.21 0.27 0.22
NAV 3.3 0.12 0.17 0.13
L266 1.7 0.20 0.32 0.21
L266 1.8 0.14 0.24 0.16

CB 1.7 0.60 0.67 0.55
CB 2.5 0.45 0.57 0.41
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Figure 1. Ratio between vertical and horizontal resistivity versus bulk water saturation.
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Figure 2: Anisotropy of resitivity in laminated formation.
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Figure 3: Anisotropy or resistivity and water saturation comparison for the model 1
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Figure4: Anisotropy or resistivity and water saturation comparison for the model 3
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Figure5: Anisotropy or resistivity and water saturation comparison for the model 4





