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ABSTRACT: Enhanced recovery technology such as horizontal drilling and hydraulic fracturing entailing a lot
of cost spending is required for shale gas field development owing to very low permeability of shale gas reservoir.
In order to improve economic benefits, it is necessary to carry out the research on Sweet Spot discrimination
predicting the difference in the amount of gas production in areas or formations in the shale gas field due to the
causes such as TOC, brittleness, anisotropy and so on. The Sweet Spot in shale gas reservoir means the space carrying
high gas contents and efficient hydraulic completion. This paper covers prospect analysis and the prediction of
reservoir properties from petrophysical analysis in the location of wells using well loggings, prediction of spatial
reservoir properties using seismic inversion, multi-attribute linear regression and probabilistic neural network
method based on seismic and well data in a shale gas field located in Horn River Basin, Canada. For Sweet Spot
analysis, total organic contents, porosity, permeability, gas saturation are selected as parameters of gas contents,
brittleness, natural fracture intensity, pore pressure are selected as parameters of hydraulic fracturing efficiency.
The maximum production probable area is determined in shale gas field used for this research through the process
of quantification and integration of each parameter including whether weighting value is put on each parameter
or not in gas contents and hydraulic fracturing efficiency as Sweet Spot elements. Resulted Sweet Spot area is
validated with use of microseismic and gas production data.
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Fig. 1. Unconventional Development - Learning Curve of Barnett Shale Development. Note that some horizontal
well production rates are lower than vertical ones in the yellow circle (Usman, 2012).

Anticlinal
. erest

High variance
fault indicator

Variance

Low High

Strong

Frequency anomaly

Weak

Frequency  Horizon along top
anoma of next d
e

Fig. 2. Fracture detection with seismic frequency attributes. Note that productivity is 10 times higher in high fre-

quency anomaly area (Karen et al., 2013).
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Table 1. Geological and reservoir characteristics of North America Basins (Deloitte, 2013).

Barnett ~ Eagle Ford Haynesville Marcellus  Duvernay Horn River  Montney
. . East Texas . Westem . Westem
Basin Fort Worth ~ Maverick Salt Appalachian anadlan Horn River anadlan
Sedimentary Sedimentary
Geological Age Mississippian Cretaceous  Jurassic Devonian  Devonian ~ Devonian Triassic
Depth (m) 18,00-2,750 1,850-3,650 3,500-4,300 1,500-2,450 2,700-4,000 1,600-3,000 1,600-2,800
Porosity (%) 3-9 6-14 8-15 3-9 3-8 3-9 3-18
Thermal Maturity 1.2-2.0 1.0-1.6 1.3-2.2 0.9-3.5 1.6-2.0 2.2-3.8 0.8-2.0
Gross Thickness (m) 90-150 30-90 50-100 15-105 20-90 50-200 10-275
Quartz (%) 40-60 5-20 20-35 25-40 55-80 55-80 30-60
Clay (%) 10-30 15-25 25-35 20-35 7-10 7-20 5-30
Pressure Gradient (psi/ft)  0.46-0.53  0.55-0.73  0.7-0.9 0.32-0.8 0.5-0.7 0.5-0.7 0.45-0.6
Total Organic Content (%) 3-8 2-6 1-5 3-10 2-5 2-7 1-5
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Fig. 3. Shale gas field and pad locations used in this paper. Total size of the field including 4 pads and 31 wells is
about 200 km”.
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Fig. 4. Shale gas field well logging data for three target reservoirs (A, B and C). Note that reservoir depth is from
2,300 m to 2,475 m, and thickness of A, B, and C formations are 50 m, 100 m, and 25 m, respectively. GR, Vshale,
rhoz, resist., phi, CSS, BI, DSTM, Vp/Vs, Vclay, up, Ap, Sw, TOC on the section are gamma ray, shale volume,
bulk density, resistivity, porosity, closure stress scalar, brittleness index, shear sonic velocity, Vp/Vs ratio, clay vol-
ume, rigidity, incompressibility, water saturation, total organic contents, respectively.
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Fig. 5. Correlation analysis of shale reservoirs to figure out brittle or ductile reservoir formations.
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Table 2. Average correlation coefficient of predicted and actual properties logs based on the cross validation method.

Parameter TOC Gas Saturation Porosity Permeability Brittleness Pore Pressure
Probabilistic  Probabilistic Multi attribute Probabilistic =~ Multi attribute Multi attribute
Method . . . . . .
neural network neural network linear regression neural network linear regression linear regression
Correlation ¢, 84% 80% 84% 77% 73%
coefficient

Fig. 6. Shale gas field Sweet Spot parameters.
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Fig. 7. Average TOC maps predicted from Probabilistic Neural Network method. C formation shows the highest
TOC values among A, B and C formations. Especially, middle and south east area in C formation exhibit relatively

higher porosity values than other areas.
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Fig. 8. Average gas saturation maps predicted from Probabilistic Neural Network method. C formation shows the
highest gas saturation values among A, B and C formations. Especially, north, middle and south east area in C for-
mation exhibit relatively higher porosity values than other areas.
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Fig. 9. Average porosity predicted maps from Multi-attribute Linear Regression method. C formation shows the
highest porosity values among A, B, C formations. Especially, middle, south east and west area in C formation exhibit

relatively higher porosity values than other areas.

Fig. 10. Average permeability maps predicted from Probabilistic Neural Network method. C formation shows the
highest permeability values. Permeability value in middle, south east and west area of C formation is relatively higher
than other areas. This trend is almost similar to other RQ parameters.

Fig. 11. Average RQ Map which is generated after putting an equal weighing value to each RQ parameter (No weight-
ing: TOC 25% + Gas saturation 25% + Porosity 25% + Permeability 25%).
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Fig. 12. Average RQ Map which is generated after putting a different weighting value to each RQ parameters
(Weighting: TOC 40% + Gas saturation 20% + Porosity 20% + Permeability 20%).
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Fig. 13. Average brittleness index maps predicted from Multi-attribute Linear Regression method. C formation is
the best in brittleness index. B formation shows the lowest brittleness index. It is owing to more than 7% of the Smectite
component in the B formation, and resulting to very low brittleness index. It means that B formation is not efficient

in the viewpoint of hydraulic fracturing.
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Fig. 14. Average natural fracture intensity maps predicted from VVAZ (Velocity Versus AZimuth) seismic inversion.
C formation shows relatively higher natural fracture intensity values than the other two formations. Middle area
in C formation exhibits higher natural fracture intensity than other areas.
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Fig. 15. Average pore pressure maps predicted from Multi-attribute Linear Regression method. The values of pore
pressure in middle and east area of C formation are higher among three formations.

Fig. 16. Average CQ maps which is generated after putting a equal weighing value to each CQ parameter (No weight-
ing: Brittleness Index 33% + Natural Fracture Intensity 33% + Pore Pressure 33%).
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Fig. 17. Average CQ maps which is generated after putting a different weighing value to each CQ parameter
(Weighting: Brittleness Index 50% -+ Natural Fracture Intensity 30% -+ Pore Pressure 20%).

Brittleness Index
> o

Pore Pressure

Fig. 18. Average brittleness index, fracture intensity and pore pressure of C formation with the microseismic data
displayed. The areas showing high values of brittleness index match well with better induced fracturing development
areas on microseismic data. Whereas, the area showing high values of fracture intensity and pore pressure do not
match well with these areas. Fracture intensity matches slightly better with these areas than pore pressure. Therefore,
based on these analysis, 50%, 30% and 20% of weighting values are given to brittleness index, fracture intensity

and pore pressure, respectively.
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Table 3. Pad 1~4 Production data.
Pad 1 2 3 4
Formation A B C A C A C A C
Average Production

2.7 1.8 24

(mmcf/d)

et

Fig. 19. Average G&G maps which integrates four RQ (No weighting : TOC 25% + gas saturation 25% + porosity
25% + permeability 25%) and three CQ (Weighting : brittleness index 50% + natural fracture intensity 30% + pore
pressure 20%) parameters. Note that middle area in C formation shows the best value.
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Fig. 20. The cross section of well logging data in three Pads. C formation of Pad 2 is the most prospective shale
gas reservoir with high porosity, gas saturation, brittleness index, and low clay contents, etc..

I Most brittle

Brittle
Most ductile

Ductile

Fig. 21. Hydraulic fracturing prospectivity of A, B, and C formations predicted from seismic attribute analysis (Cross
plot of Young's Modulus & Poisson's ratio). A, B, and C formations show brittle, most ductile, and most brittle,

respectively.
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Fig. 22. Average Sweet Spot map of C formation resulted from G&G Model which integrates four RQ and three
CQ parameters. Note that middle and east area would be next pad development location.
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Fig. 23. Shale Gas G&G Integration Modeling and Sweet Spot determination process.
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