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ABSTRACT

The hydraulic effects of shales on fluid flow in marine-influenced lower delta-plain distributary channel deposits are
investigated using a three-dimensional ground-penetrating radar (GPR) data volume from the Cretaceous-age Ferron
sandstone at Corbula Gulch in central Utah, USA. Using interpreted GPR data, we formulate a geostatistical model of shale
dimensions, orientations, and geometries of the stratigraphy from the subaerial exposure surface to about 12 m. The
effects of shale coverage fraction and variogram range are investigated using a suite of simulations selected by
experimental design. The effects of the geostatistical parameters are statistically significant; shale coverage is the most
important factor.

MODEL INFERENCE AND CONSTRUCTION

The horizontal gridblock dimensions are 1m by 1m gridblock in surface grids, giving 150 gridblocks in x (west-east)
direction and 110 gridblocks in y (north-south) direction. In z (top to bottom) direction, there are 10 gridblocks based
on 10 GPR interpreted layers. The grid resampling was based on interpolated maps of GPR-layer elevations and
thickness. First, the elevation semivariograms are computed for the base of channel 2 based on the GPR interpretations
(Figure 1). There are no indications of anisotropy for the base semivariogram model. The layer thickness semivariograms
and their models are shown in Figure 2. Like the base elevation semivariograms, the layer thicknesses are isotropic.
The models of base elevation semivariograms and layer thickness semivariograms provide quantitative information
about reservoir geometry special variability. Putting this information into a 3-D kriging program (Deutsch and Journel,
1998), the base elevations are kriged onto the regular grid. Layer thicknesses are estimated by the same methods.
Beginning with the base elevation grid, each layer thickness is added up from bottom to top, yielding the surface grid
model(Figure3).

The correlation between GPR instantaneous amplitude and shale index is constructed by calibrating the GPR attributes
(amplitude) to well data (gamma ray logs). Shale occurrence must be deduced from well log data and related to GPR
reflectors. The well ties are inexact because of errors in the radar velocity; small adjustments (less than 20 cm) were
applied to the GPR traces to reconcile picked horizons from borehole and GPR data. In addition, the amounts of potassium,
thorium and uranium were investigated to avoid overestimation of the shale fraction. The correlation function uses
gamma ray values from the depths where the shale/sand interfaces exist or variation of amplitude is large, and the GPR
relative instantaneous amplitudes are calculated at corresponding depth. In Figure 4, 13 of 14 shale points fall into
the zone of Ig, > 0.75 and AA;>3000. It also shows that there is a high correlation between shale index and amplitudes.
A linear regression is performed on available data and a linear calibration function for Iy, and GPR amplitudes

is determined:

I,,= 0.0002(AA;) + 0.194.

The gridpoints along each seismic trace are assigned relative instantaneous amplitudes by interpolating the trace data to
the accretion surfaces. The shale index is calculated at each point from the amplitude values using this regression
equation. Shale statistics are computed from the shale index data. Semivariograms of shale occurrence for ten accretion
surfaces have slight anisotropy (Figure 5).

Sequential Gaussian simulation stochastically maps shales on variably dipping stratigraphic surfaces. Because the nhumber
of gridblocks is too large for multiple reservoir simulation runs, the grids are resampled at intervals of 2m horizontally
(versus geomodel resolution of 1 m). Thus, there are 75 gridblocks in west-east (x-) direction, 55 gridblocks in north-south
(v-) direction, and 10 blocks in vertical (z-) direction and 41,250 total blocks. Shales are preferentially preserved on
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the west part, where the elevation of surface is relatively high. This behavior is consistent with earlier observations in
shale trends (Novakovic et al., 2002) and may reflect lesser preservation of shale nearer the more erosive channel
base. Because of the low shale coverage and the distribution trend, there are many opportunities for “leaks”.

FLOW MODELING AND ANALYSIS

Flow simulations selected by an experimental design examine the effects of flow direction, semivariogram range and shale
fraction on breakthrough time (1g7), sweep efficiency (Npp) and upscaled permeability (k). The flow simulations use a
stratigraphic cornerpoint grid and a commercial reservoir simulator (Schlumberger Technology Co., 1997). The
displacement process for the fluid flow simulation is ideal tracer flow. Approximately 120 flow simulations examine two
different geologic models, flow in all three coordinate directions (Figure 6), 8 geostatistical parameter combinations,
and 5 realizations for each combination of parameters. Models with without shale are considered to evaluate the effect of
shales on flow responses. Stochastic shale models consider eight combinations of factors (D, S, F). The mean responses
for the base models and a particular stochastic model are compared to discern whether the base and stochastic models
are significantly different (upper rows, Table 1). This stochastic case [(D, S, F) = (-1, -1, -1)] corresponds to the
geostatistical parameters inferred for Corbula Gulch; this is also the most homogeneous of the stochastic cases. The
probabilities for that the responses come from the same distribution are very low, implying that the base model is drawn
from different population than the stochastic model (differences are significant; Table 1). Shales make these two
models different. The largest effects are for z-direction flow, which is expected because of the large cross-area of shale in
this direction.

The contributions of each of the geostatistical factors (D, S, F) are examined by the ANOVA and linear regression. For
most responses, the shale fraction is the most important parameter, followed by the dip-direction variogram range and
lastly by the strike-direction range (Sensitivity Analysis, Table 1). Interactions between the factors are commonly
significant. Analysis of the first principal component verifies the overall importance of the shale coverage fraction
(Table 1). Moreover, the two-term interactions F:D and F:S are highly significant. These flow simulations demonstrate
that shales decrease sweep, recovery and permeability, especially in the vertical direction. The effects of shales are
modest compared to predictions based on earlier, two-dimensional studies of shales. The shale coverage fraction is
important, but variogram ranges have little effect on flow responses.
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Table 1. Analysis of Variance and Sensitivity for Flow Responses

AAPG

Breakthrough Time (pv)

Sweep Efficiency (pv)

Upscaled Permeability (md)

X Y Z X Y Z X Y Z
Base model (homogeneous) 0.92 094 0.36 0.97 098 0.75 27.68  28.89 2.67
Responses for base Mean 0.88 092 0.34 097 097 0.73 2495 28.34 1.88
case, (-1,-1,-1) Std. Dev. 0.009 0.001 0.003  0.001 0.003 0.007 0.027  0.048  0.009
Percent diff., homog. and base 4.331 2.161 4.548 0.505 1.323 2.409 10.937 1.944 41.774 | 1st Principal
t-test comparing homog.to base * el * ** * o) el el el Component
Mean 091 094 0.35 0.97 098 0.75 27.63  28.97 1.97 0.00
Summary Statistics Minimum 084 090 0.32 094 096 0.72 2486  28.27 1.77 -2.35
Maximum 0.88 092 0.34 0.96 097 0.74 25.71 28.64 1.87 2.70
Std. Dev. 0.02 0.01 0.01 0.01 _0.00 0.01 0.93 0.23 0.06 1.46
Linear Models R2 0.961 0.955 0.990 0.995 0.887 0.783 0.999  0.991 0.974 | 0.833
R2adj 0.954 0.947 0.988  0.995 0.867 0.744 0.999 0.989 0.969 | 0.825
Analysis of Variance (ANOVA)
F *kk *kKk * %k *kk hkk *kk *kk *kk *kk *kk
8 g % Main Effects D *kk *kk *kk *kk *kk *kk *kk *kk kK
% ‘? -g g S *kk *kk o *kk *% *kk *% *kk *kk * %
Q=& 9
E % » e F: [ ok ok *kk o Kk *kk Kk *k *kk
59 'c @ :
h o E*~ Two-Term F:S *kk *k Kk Rk Kk Kk — Kk —
R} Interactions -
hkk Kkk kK kK kK kK kK *
Sensitivity Analysis with Response Surface Models Rank
s  _ F -0.019 -0.008 -0.030 -0.008 -0.002 -0.004 -0.011 -0.002 -0.023 (-0.703| 1
o 238 Main Effects D 0.007 0.003 -0.005 0.002 0.005 0.012 0.005 -0.007 | 0.269| 4
&5 8 S -0.009 -0.008 0.001 -0.002 0.001 0.003 -0.001 -0.002 0.007 [-0.106] 5
2 g & Two-T F:D -0.004 -0.003 -0.013 -0.002 0.000 -0.005 -0.023 -0.004 -0.003 ([-0.367| 2
SEQ In;’;‘r’acﬁgrs F:S -0.010 -0.002 0.007 -0.003 -0.001 -0.018 -0.003 -0.016 |-0.304| 3
© = D:S -0.003 -0.009  -0.001 -0.001 0.013 -0.001 -0.004 [-0.081] 6
Coefficients are normalized using the mean for each response in each t-test and ANOVA Probability Ranges
direction except principal component is normalized on standard From To Code Interpretation
deviation (mean is 0). 0 - 0.001 *** Highly significant
Coefficients are left blank if the term is not significant at the 10 percent 0.001 - 0.01 >
level using a Bonferroni confidence interval. 0.01 - 0.05 * Significant
Bold coefficients are greater than 1 percent or mean. 0.05 - 0.1 [¢]
0.1-1 (blank) Insignificant
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Figure 1 Base elevation semivariograms
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Figure 2 Layer thicknesses semivariograms
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Figure3 Accretion surface grid of point-bar deposits at Corbula Gulch
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Figure 4 Regression line between shale index (lsh) and amplitude (AA;)
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Figure 5 Shale index semivariograms
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Figure 6 x-direction fluid flow simulation model
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