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Abstract. Determination of shale volume distribution is one of the most important factors that
has to be considered in formation evaluation, since existence of shale reduces effective porosity
and permeability of the reservoir. In this paper, shale volume and distribution (dispersed,
laminar and structural) and formation effective porosity are estimated from well log data and
cross-plots. Results show that distribution of shale is mainly dispersed with few of laminar
ones, and the quality of reservoir (effective porosity) decreases with depth resulting in low
productivity of gas wells drilled in lower zones. Good agreement of estimated shale volumes
and effective porosities from neutron-density cross-plot with the values determined from
gamma ray log (CGR) and core analysis demonstrates the accuracy and applicability of these
plots in determination of petrophysical parameters from conventional log data.

1. Introduction

Shale is a clay-rich heterogeneous rock which contains variable content of clay minerals (mostly illite,
kaolinite, chlorite and montmorillonite) and organic matter [1, 2]. Presence of shale in the formation
has sever effects on petrophysical properties and reduces effective and total porosity and permeability
of the reservoir [3, 4]. Moreover, existence of shale causes uncertainties in formation evaluation and
proper estimation of oil and gas reserves [5].

Shale distribution influences the evaluation of all principal reservoir characteristics e.g. effective
porosity, water saturation, and permeability [6, 7]. Dispersed shale is composed of clay particles,
fragments or crystals to be found on grain surface that occupy void spaces between matrix particles
and reduce the effective porosity (¢.) and permeability significantly [8]. Structural shale exists in the
form of fragments or crystals which are an integral part of the rock framework and is considered as a
portion of rock matrix [9]. Laminar shale exists as layer of shale which does not exceed 0.5 in. (1.27
cm) thickness within clean formations. The effect of two last shale types on porosity and permeability
is assumed to be negligible [2, 10]. In this paper, shale volume and distribution type, and effective
porosity of the formation are determined from well log data depicted on triangle density-neutron
porosity cross-plots which are introduced as a quick and accurate method in determination of rock
petrophysical parameters [11].
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2. Methodology

A triangle neutron-density porosity (¢ Vs. ¢p) cross-plot is used to determine shale type and volume,
and effective porosity (Fig. 1). Three distinct points (¥, M, Sh) are shown in this cross-plot; Point F
represents fluid or water point where pp= px=100%. Point M represents matrix point; if density and
neutron tools are calibrated in terms of the existing matrix, then gpy= ¢p=0. Point SH represents shale
point; the coordinate of point SH [¢ns: , @psi] must be determined for shaliest portion of well and this
coordinate varies from well to well and has to be estimated for each case.

Data points representing ¢y and ¢p values in clean formations (i.e Vs,=0) fall on M-F line and their
position on the line indicates effective porosity values. Line M-Sh represents ¢.=0 line and value of
each point on this line indicates shale volume of the formation with zero effective porosity. Because of
porosity values do not exceed 50%, line M-F is plotted till 50% porosity to make full use of cross-plot
([12, 13]. The following equations are used to construct this triangle cross-plot [13]:

{(Pe = @on - (Onsu -Vsn) (1)
®. = ©p- (Ppsu -Vsu)

The laminar, dispersed and structural shale points areas fall on or around LS-Sh, DIS and STR
lines, respectively. For each point within triangle Vs, is estimated on M-Sh line parallel to clean
formation line, and also, ¢. is determined on clean formation line parallel to M-Sh line. For example,
point A in Fig. 1 represents a shaly formation that has values of p. = 9% and Vs, = 23% with dispersed
shale content.
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Figure 1. Triangle neutron-density porosity cross-plot
2.1 Gas correction for neutron porosity
If formation contains hydrocarbons, neutron and density porosities have to be corrected before points
are plotted since calculated shale volumes will be too low in gas-bearing intervals [14, 15]. The
procedure of hydrocarbon correction is as follows [1].

2.2pp-1.0+0.4P

ONeorr = ¢N'A¢N where A¢N= P X Shr 1-04P (2)

(1.11(1-pp, )+0.65P—0.03) 3)
Pma—1.0-0.7P

Pdcorr = QPd -A(Dd where A(0d= 1. 07(P X Shr

where P is salinity of the mud (PPMx10), g is neutron porosity, @ncorr and @acorr are corrected neutron
and density porosities, p; is hydrocarbon density and Sy is residual hydrocarbon saturation.
Hydrocarbon density pn can be estimated by:
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Residual gas saturation is used since neutron and density tools investigate the flushed zone. The

portion of hydrocarbon in the invaded zone is given by Archie’s equation [15]:

Rm FRpy
SXO:\/((meXR_x:) :\/Fof (5)

where ¢ is porosity, m is cementation factor, a is formula constant, R, is resistivity of mud filtrate
and Ry, is resistivity of flushed zone and residual gas saturation is Ss= I — Sxo.

In this study, Vg estimated from cross-plot method is validated with Vg, calculated from gamma ray
log (CGR). The following equations are used to determine shale volume:

_ GRlog —GRpin
GRyax—GRmin

(6)

where Igr is the gamma ray index, GRiog is the gamma ray response in the zone of interest, GRuin is
the gamma ray response in cleanest formation, GRmax is the gamma ray response in shale layer. The
shale volume (V) can be calculated from the gamma ray index [17]:

Igr

_  Igr
Vsn =35, (7

3. Results and Discussions

The studied formation is a lower Triassic sequence composed of eolithic calcite with few of anhydrite
and secondary dolomite. Five depth intervals are selected so that different shale volumes exist in each
part in order to extend the working criteria to a wide range of shaliness. The coordinate of shale point
is determined from well logs to be gy = 42% and gpa = 8%. Cross-plots for studied intervals are
shown in Figures 2-7.
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Figure 2. Depth interval 2590-2592m
(aggregation of points is around laminar shale
line)

Figure 3. Depth interval 2650.3-2652m (before
hydrocarbon correction)
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Fig. 6. Depth interval 2730.5-2731.5m (dispersed ~ Fig. 7. Depth interval 2743.-2744m (dispersed
shale) shale)

Raw data of neutron and density logs (PHI-N, PHI-D) and estimated shale volumes and effective

porosities (PHIE) from cross-plot (VSH-CP) and gamma ray log (VSH-GR) for mentioned intervals

are also presented in Tables 1-5.

Table 1. Vi and ¢, estimates for depth interval of 2590-2592 m

PHI-N PHI-D PHIE-CP % VSH-CP | PHI-N PHI-D PHIE-CP % VSH-CP
0.424 0.122 0.051 0.88 0315 0.123 0.087 0.56
0.417 0.133 0.067 0.83 0309 0.119 0.074 0.56
0.407 0.141 0.079 0.78 0317  0.117 0.070 0.58
0.395 0.145 0.085 0.73 0.335 0.120 0.069 0.63
0.375 0.144 0.090 0.67 0355  0.127 0.074 0.67
0.367 0.141 0.088 0.66 0374  0.138 0.082 0.69
0.350 0.137 0.088 0.62 0.384  0.148 0.092 0.69
0.339 0.133 0.085 0.60 0387 0.153 0.098 0.68
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Table 2. Vg and ¢. estimated from cross-plot for 2650.3-2652m depth interval

PHI-N PHI-D PHIE VSH-CP VSH-GR | PHI-N PHI-D PHIE VSH-CP VSH-GR

0.127 0.147  0.152 0 0.124 0.150  0.156 0
0.127 0.148  0.152 0.125 0.151 0.157
0.128 0.148  0.153 0.127 0.152  0.158
0.127 0.149  0.153 0.130 0.153  0.159
0.126 0.149  0.154 0.134 0.156  0.161
0.125 0.150  0.155 0.138 0.159  0.164
0.124 0.150  0.156
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Table 3. Vg, and ¢, estimated from cross-plot for 2718.5-2719.5m depth interval

PHI-N PHI-D PHIE VSH-CP VSH-GR | PHI-N PHI-D PHIE VSH-CP VSH-GR

0272 0.065 0.017 0.607 0.557 0.230  0.074 0.038 0.458 0.411
0274  0.072  0.024 0.595 0.604 0.219  0.071  0.037 0.434 0.376
0.272  0.077 0.031 0.574 0.620 0.214  0.071  0.037 0.422 0.363
0.264  0.079 0.036 0.545 0.593 0.214  0.072 0.038 0.418 0.368
0.254  0.079 0.038 0.513 0.534 0.215 0.074 0.040 0.414 0.384
0.244  0.077  0.038 0.489 0.466

Table 4. Vg and ¢, estimated from cross-plot for 2730.5-2731.5m depth interval

PHI-N PHI-D PHIE VSH-CP VSH-GR | PHI-N PHI-D PHIE VSH-CP VSH-GR

0.142  0.045 0.022 0.286 0.207 0.159  0.054 0.029 0.310 0.272
0.151  0.049 0.024 0.302 0.239 0.154  0.051 0.027 0.301 0.247
0.158  0.052 0.027 0.312 0.270 0.145  0.047 0.024 0.288 0.224
0.162  0.054 0.028 0.319 0.289 0.132  0.041 0.019 0.270 0.205
0.163  0.055 0.029 0.318 0.289 0.117 0.034 0.014 0.243 0.190

Table.5 Vg, and ¢, estimated from cross-plot for 2743-2744m depth interval
PHI-N PHI-D PHIE VSH-CP VSH-GR | PHI-N PHI-D PHIE VSH-CP VSH-GR

0.087  0.043 0.033 0.128 0.136 0.118 0.055 0.040 0.186 0.178
0.100  0.048 0.036 0.152 0.155 0.110  0.052 0.038 0.171 0.165
0.112  0.052 0.038 0.174 0.171 0.099 0.047 0.035 0.152 0.146
0.119  0.055 0.040 0.189 0.181 0.088  0.041 0.031 0.136 0.125
0.121  0.056  0.041 0.193 0.184 0.077  0.036  0.026 0.121 0.106

It is observed that shale volumes estimated from cross plots are in good agreement with gamma ray
log which proves the accuracy of this approach for shale characterization in formation evaluation
process (Figures 8 and 9 are presented as sample comparison plots). Integration of neutron-density
cross-plot analysis for above depth intervals shows that shale distribution in the studied field is mainly
dispersed with few of laminar shale and the main reason of low productivity of wells is pore throat
plugging by dispersed clay minerals. Based on effective porosity values estimated, it is also observed
that the reservoir quality decreases with increasing depth and the majority of gas production is from
upper zones.
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Figure 8. Vg, from cross-plot Vs. Vg, from
gamma ray log for 2718.5-2719.5m depth interval
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Figure 9. Vg, from cross-plot method vs Vg, from
gamma ray log for 2743-2744 m depth interval

4. Conclusions

The present work determines shale type, shale volume and effective porosity in one of Iranian
gas fields by using triangle neutron-density porosity cross-plot approach.

Shale distribution in the investigated formation is mainly dispersed with few of laminar ones.
Based on estimated effective porosity values from cross-plot, one can conclude that the
reservoir quality decreases with increasing depth.

Estimated shale volumes from cross-plot are validated with gamma ray log (CGR) via stieber
equation. Values of ¢, are also compared to core analysis data. Good agreement of results
shows that neutron-density cross-plot is a useful approach for determination of Vg, and ¢.
from conventional log data.

This method can be used for any formation but properties of shale layers (i.e. @wsi, @psh)
should be determined throughout the study area and be recalibrated as more wells drilled.
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