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Abstract

Spatial variations in petrophysical properties have been described for interwell scale outcrop analogs to subsurface reservoir facies in the marginal marine upper Almond formation near Rock Springs, Wyoming.  The objective of this study was to determine interwell scale lateral trends in heterogeneity that can be translated to nearby analogous reservoirs.

More than 1,600 one-inch diameter plugs were collected for petrophysical analysis from outcropping tidal delta, tidal channel and foreshore facies. These facies comprise reservoir quality sandstones in the Greater Green River Basin east of the Rock Springs Uplift.  Modal analysis of 78 thin sections provided compositional and packing parameters.

Porosity loss in outcrop and near-outcrop tidal channel sandstones was due to both compaction (COPL) and cementation (CEPL), whereas porosity loss in tidal delta and shoreface sands was dominated by compaction.  For all three facies a correlation can be found between increased intergranular volume (IGV), carbonate cements and CEPL if petrographic and petrophysical properties are first sorted according to IGV.  In contrast, increased IGV correlates negatively with porosity, COPL, grain contact index, compaction index, and relative amount of lithics.

Geostatistical analysis of the petrophysical data was undertaken to determine its distribution structure, characterize lateral continuity and predictability within this system. Samples from equivalent facies at different geographic locations show geostatistical continuity although they were often found to be statistically dissimilar.  Results of geostatistical analysis, therefore, are representative of the internal architecture of the facies studied.  Although the statistics of reservoir properties are geographically variable, the data can be used in a predictive sense because it is geostatistically consistent in terms of variance and continuity of parameters.  Geostatistical trends interpreted from the variogram analysis were imposed by ordered internal facies architecture.  For our data set, oscillations beyond the variogram range could be related to the distribution of bedset boundaries.



Introduction

The primary purpose of this paper is to describe the interwell scale lateral variations in petrophysical properties based on closely-spaced samples from Almond Formation outcrops that can be related to nearby analogous reservoirs. 

Ranges of porosity and permeability for various facies recognized in outcrop and subsurface upper Almond Formation have been illustrated (Szpakiewicz et al., 1991; Schatzinger et al., 1992; Chang et al. 1994)1-3.  Few workers, however, have documented the lateral variability of petrophysical properties within and between facies or attempted to define the processes controlling lateral variations of ìreservoir propertiesî among equivalent sandstones.  Schatzinger and Tomutsa (1997)4 found that differences in petrophysical properties between bedsets, as well as between depositional facies in outcropping upper Almond formation sandstones, is primarily related to the differing bedding styles present and enhancement of these heterogeneities by diagenetic processes.  Continued work on the same outcrops led Schatzinger and Wheeler (1997)5 to note that petrophysical properties within tidal channel sandstones tend to decrease upward and vary within major bedsets while property distribution within tidal delta sandstones is controlled by major intrafacies bedsets.

The current study is focused on characterization of lateral variability of permeability and porosity within the tidal delta and tidal channel facies at two outcrops from the eastern margin of the Rock Springs Uplift (Fig. 1). Cursory description of lateral trends from additional facies is provided in order to provide a more complete illustration of the lateral heterogeneities within and between facies from excellent outcrops of the Almond Formation located immediately north of highway 430 in the SE 1/4 of the SW 1/4 of section 33, T. 16 N., R. 102 W, approximately 32 miles southeast of Rock Springs Wyoming. This area is called ìOutcrop Gî.  The depositional and stratigraphic setting of this outcrop has been described by Chang et al. (1994)3.  Petrophysical properties were also determined for two additional nearby outcrops.  Tidal delta sandstones were studied at ìOutcrop Vî  which is located in the western half of NE1/4 sec. 33, T. 16 N., R. 102 W, approximately 0.6 miles NNE of outcrop G. Sandy tidal flat samples were studied at a third outcrop, designated as ìOutcrop Hî  that is located approximately 2 miles south of ìOutcrop Gî in the W1/2 sec, 8, T. 15 N., R. 102 W.

The Almond formation forms the uppermost part of the Mesaverde Group in the Washakie and Great Divide basins of the eastern part of the Greater Green River Basin (see Fig. 1).  In the area of the studied outcrops the Almond overlies the Canyon Creek Member of the Ericson formation and in turn interfingers with and is overlain by the Lewis Shale.  The Almond produces oil and gas in normally pressured, shallow (<5,000 ft depth) reservoirs east of the Rock Springs Uplift (Table Rock, Patrick Draw field).  At least seventeen Almond reservoirs have produced more than 1 TCF of gas from overpressured tight gas sands from reservoirs at depths greater than 9,000 ft in the eastern portion of the Greater Green River Basin (Horne and Scott, 1996)6.

Almond sediments consist of an informally named lower section deposited as estuarine to nonmarine alluvial plain facies and an upper, tide dominated marine barrier unit transitional to the marine Lewis Shale.  The upper Almond was deposited as depositional facies ranging from estuarine to marine shoreface and mesotidal shoreline barrier sands located at the head of the Rock Springs Embayment during the last major eustatic sea level rise of Cretaceous.  Our samples were collected from the upper Almond inlet-dominated shoreline barrier sandstones (Fig. 2).



Spatial Variations

Statistical Analysis. More than 1850 1 inch diameter plugs were collected from a large number of depositional facies at outcrops V, G, and H.  Summary of petrophysical property statistics for each facies as well as the semi-log and linear correlation coefficients (R2) for the relationship between porosity and permeability†is given in Table 1. Histograms and porosity-permeability crossplots for all data from Outcrop G (Fig. 3) and Outcrop V (Fig. 4) as well as the porosity-permeability crossplot for tidal channel and tidal delta facies at Outcrop G (Fig. 5) indicate the following:

Porosity distribution of the samples from combined facies at outcrops V and for individual facies from outcrops V and G is essentially normally distributed over a compact range of values.  Exceptions include a bimodal distribution for the southern tidal channel at outcrop G and the porosity histogram from combined facies at outcrop G.  Both outcrop G and V combined facies porosity histograms have modes at 31.5-32.0%, however, outcrop G has a second mode at 26.0-26.5%.  The bimodal porosity distribution for outcrop G is related to the significant difference between the tidal delta (higher mode) and all other facies, but particularly the tidal channel facies (lower mode).

Permeability distribution for the samples from combined facies at outcrops V and G are both polymodal.  The primary mode for combined facies permeability at outcrop V is 3,200-3,400 md, and lesser modes are present at 400-600 md, and 1,000-1,200 md.  The primary mode for combined facies permeability distribution at outcrop G is 100-200 md with a secondary mode at 900-1,000 md.  Histograms for the northern and southern tidal channels as well as for the tidal delta at outcrop G have unimodal, positively skewed distributions, whereas the tidal delta permeability histogram from outcrop V is approximately normally distributed, but with a slight negative skewness.

The tidal delta facies from both outcrops G and V tends to have greater porosity and significantly greater permeability than other depositional facies. This trend is particularly well displayed when the mean porosity and permeability values for facies are cross plotted (Fig. 6).

Comparison of the data in the figures referenced above indicates that the tidal delta facies has a statistically similar porosity distribution at outcrops G and V, but has dissimilar permeability distributions.  

The northern tidal channel at outcrop G is slightly less porous than the southern tidal channel, however, the permeability distributions are similar.



Modal Analysis. Petrographic modal analysis included determination of the grain contact types and frequency, the grain contact index (CI) and the tight packing index (TPI), the compactional porosity loss (COPL), the cementational porosity loss (CEPL) and the percentage of total intergranular porosity loss due to compaction (XCOM).  The method for deriving COPL, CEPL, and XCOM are discussed in Ehrenberg (1995)7. The term ìcompactionî here follows the definition of Houseknecht (1987)8 and is used to indicate both mechanical and chemical (pressure dissolution) processes resulting in bulk volume loss. The difference between bulk volume porosity and thin section point counted porosity is ascribed to microporosity.

The lateral variation in grain contact types from the northern tidal channel at outcrop G is shown in Fig. 7. The data are strike aligned and show no overall north-south trend.  Increasing compaction is implied with increasing proportions of long, embayed, and sutured contacts. In general where tangential contacts are more common (indicating less compaction) sutured contacts are less abundant.  There appears to be a subtle cycle of increased sutured contacts between 558 ft and  588 ft.  Unfortunately the outcrop exposure of this tidal channel is limited andthere is insufficient data to determine if there are additional strike aligned cycles in grain contact types.

Lateral variation in grain contact types from the tidal delta facies at outcrop G is shown in Fig. 8.  Poorly-developed cyclicity in the proportion of tangential grain contacts appears at a frequency of 100-125 ft based on increased values at 675, 775, 900, and 1,000 ft north of the highway datum.  Sutured grain contacts have minimal values at 635, 900-925, 975, and 1,030 ft north of the highway.  Thus lateral trends in the proportion of sutured grain contacts may be episodic, but they are not evenly spaced. The data from tidal delta and tidal channel grain contact types at outcrop G indicates that compaction varies laterally, but lateral cycles of porosity or permeability are not regularly repeated.

The proportion of grain contacts in outcropping tidal channel and tidal delta facies may be compared to the relative variation in grain contacts from the very shallow subsurface (Fig. 9), located 1/4 mile down dip of outcrop G.  The range and proportion of grain types is essentially the same between outcropping tidal channel and tidal delta facies.  Surprisingly, however, the shallow subsurface samples (Fig. 9) have a significantly increased amount of tangential grain contacts.  This indicates that the shallow subsurface samples have actually been less compacted than the outcrop samples.  While this appears counter-intuitive, it can be explained by the presence of greater amounts of total cement, particularly carbonates, in the shallow subsurface samples.  The high permeability of the outcrop sandstones (tidal delta sandstones at outcrop G average about 1,000 md) may have been attained by carbonate (particularly from oyster shells) and other mineral species having been partially dissolved and their byproducts redistributed into the shallow subsurface by the flux of atmospheric-derived waters after the sands became exposed.  Evidence of leaching is abundant in thin sections from the outcrop.

Typical lateral variations in contact index in the tidal channel and the tidal delta are illustrated in Figs. 10-12.  CI tends to be inversely correlated to the amount of cement present, but appears to be more sensitive to the amount of carbonate than clay cement.  Point counting statistics indicate that the tidal delta has a slightly lower average CI (mean values 2.65 and 2.21) than that from the tidal channel (mean CI is 3.0).  The range in values is also less in the tidal delta (CI range of 1.55) as compared to the tidal channel facies (CI range 2.28).

Analysis of CI (and TPI) shows that there are small, but consistent differences in packing indices between the tidal delta and tidal channel sands.  These, in turn relate to slight differences in the lithology between the facies.  Thin section point count analysis determined that the tidal channel sandstones contain, on average, less rock fragments (20.1 normalized %), less total clay (14.3%) and clay cement (6.4%), but significantly more total carbonate (10.4%), most of which is contributed by calcite cement, than the tidal delta facies which contains the following average values: rock fragments (23.8%), total clay (19.7%), and total carbonate (0.05%) which is entirely accounted for by calcite cement.

Petrographic parameters in outcrop and near-outcrop Almond samples unfortunately correlate poorly with petrophysical properties.  Thus, while the qualitative petrographical evidence suggests a relationship and lateral variations in properties, we are unable to demonstrate a statistically significant relationship between grain contact types (or packing indices derived from grain contact types) and petrophysical properties in the upper Almond sandstones of the tidal delta and tidal channel facies.

When COPL is compared to CEPL (Fig. 13), a line with slope of 1 radiating from  the origin defines the fields where porosity loss was dominated by compaction versus that dominated by cementation.  Data points that plot farther from this line are successively more controlled by pure compactional or pure cementation porosity loss.  We see that for outcrop samples, the tidal delta facies porosity was moderately to strongly controlled by compaction processes whereas the tidal channel sandstones were about equally controlled by compactional and cementational processes.  Because the original porosity for both of these facies, calculated as a function of sorting (not grain size!) is similar, we can also determine that both facies have lost similar proportions of porosity since deposition.

Comparison of COPL and CEPL for the shallow subsurface (Fig. 13) also indicate that the porosity loss in tidal channel sands was due both to compaction and to cementation, and that porosity loss in  tidal delta sands was dominated by compaction.

It is difficult, however, to relate the compactional parameters such as COPL, and CEPL to petrographic properties (such as cement types).  The correlation coefficients for the relationships between compaction parameters and petrographical properties are low, indicating low predictive values.

We have discovered, however, that if petrographic and petrophysical properties are first sorted according to intergranular volume, then with increasing intergranular volume there is an increase in calcite cement, siderite cement, total cement, and CEPL.  In contrast, with increasing intergranular volume, porosity, compactional porosity loss (COPL), XCOM, contact index, and the relative amount of lithics decrease. Compactional porosity loss, index of compaction, and cementational porosity loss then provide not only significant assistance in determining the relative effects of diagenetic events on sand quality, but help provide some explanation for lateral distribution of porosity.  

The calculation of COPL, XCOM,  and CEPL are geared toward describing porosity.  Grouping data by intergranular volume has been found to significantly aid in the interpretation of porosity in upper Almond outcrop sandstones.  Unfortunately permeability does not  correlate as well with intergranular volume as porosity does. Based on the results of modal analysis of outcropping Almond sandstones, permeability is not simply a function of compaction or cementation.

Variogram Analysis 

An outcrop study is a useful tool for reservoir characterization because it can provide analysis of the geostatistical continuity of the formation at an interwell scale in three dimensions. Tomutsa et al. (1986),9 Kittridge et al. (1990),10 Kara et al. (1993)11, Hand et al. (1994)12, Kasap (1995)13, OíMeara and Jiang (1996)14, and Misra et al. (1997)15 and others have provided valuable information on geostatisical characterization of outcrops. Some of these studies have shown a correlation between properties of the outcrop and equivalent subsurface reservoirs.

Reservoir heterogeneities should be quantified to a level sufficient to design a reservoir model. Measured data and statistical models based on analogous outcrops or reservoir observations can be combined into prototype models. Geostatistics offers a comprehensive method to characterize variations in petrophysical properties within the outcrop facies and provides a method to generate data that is needed to model an equivalent reservoir. Variograms show the increase in dissimilarity between sample values with the increase in the separation distance. For a definition and discussion of variograms, the reader is referred to Isaaks and Srivastava (1989)16.  Journel (1990)17 has suggested that in the absence of sufficient data in a particular reservoir, variograms and other statistical characteristics can be borrowed from other relevant data sets such as those from other geologically analogous environments, outcrops, or geological cross-sections and maps.

The most important outcome of an outcrop study is that it helps to understand the architecture and formation of an equivalent subsurface reservoir. Statistical and modal analyses provide a qualitative model of the variability in reservoir properties. Variograms on the other hand provide a quantitative description of the variability. Despite the abundance of geostatistical models of reservoir properties in the literature (Jensen et al., 1996)18, and their importance in geological interpretation, the geology-variogram relationship is not well-documented in the geostatistical literature (Sahin et al., 1998)19.

The following section provides an objective geostatistical description of two lithofacies, viz. the tidal delta and the tidal channel, in the Almond outcrops with reference to their subsurface counterparts in the Patrick Draw Field. The choice of these two particular facies for variogram analysis was driven by the fact that both facies have two sets of data samples that can be compared. For details of the sample locations see Misra, et. al, 199715.  The goal of this section is to analyze the lateral variability of permeability and porosity from the context of an interwell descriptor, to determine whether the geostatistical characteristics of similar facies are indeed similar, and to attempt to extend the geostatistical descriptor from the outcrop to the subsurface for the data rich tidal delta lithofacies. Variograms were computed using the geostatistical software GSLIB (Deutsch and Journel, 1997)20.



Description of Experimental Variograms. The lateral semivariograms of the porosity and the permeability (natural logarithmic values) for tidal delta facies in outcrop G (GTD) and in outcrop V (VTD) are plotted in Figs. 14 and 15 respectively. It was discussed earlier that the porosity distributions of GTD and VTD occur within a very compact range and are close to a normal distribution barring a few outliers. The permeability distributions in GTD and VTD, however, are quite spread out and are distinctly dissimilar with VTD having a bimodal distribution and a mean permeability that is almost 2.5 times that of GTD. The semivariograms for GTD and VTD show a distinct contrast. While GTD shows a range of approximately 50 ft., VTD has a range of almost 110 ft. The permeability variograms in both GTD and VTD do not reach the sill which suggests zonal anisotropy in the data. As opposed to the permeability variograms the porosity variogram of GTD reaches its sill value above the standardized sill while the one in VTD never reached the standard sill value. Both the porosity variograms depict exactly the opposite nature of zonal anisotropy. The question is, could this be attributed to the difference between outcrops, local diagenetic effects, or outcrop weathering?  

While there is no evidence of a strong correlation between porosity and permeability in either facies, and their histograms show markedly different distributions, yet the spatial continuity in the variograms is similar within each facies. Both plots show periodicity in the variograms. Holes are quite clearly observed in the GTD with a cyclicity of 50-100 ft. The holes are not very obvious in the VTD. There are two geological reasons for this difference in periodicity. The lateral data in the GTD cross distinct bedset boundaries whereas the entire data of the VTD were limited to a singe bedset. Periodic behavior of variograms in the presence of bedset boundaries has been observed by other authors, for example, Kittridge et al. (1990)10, Kara et al. (1993)11, Kasap (1995)12, and Jensen et al. (1996)18. The second geological reason that might cause hole-effect (periodicity) in the variograms is due to disparity in data values at different areas in the facies. In our case, the hole-effect is a combination of both these factors. Besides the hole-effect, the variograms in both facies might have a near-region continuity of the range of  approximately 20-23 ft., beyond there is a far-region continuity of  the range of 50 ft. in GTD and 110 ft. in VTD. In other words, a single spherical+hole effect model would not adequately describe the experimental variogram of both porosity and permeability in either facies. Instead a combination of two spherical models with a hole effect model would be a more adequate fit for the experimental variograms.

The semivariograms of porosity and permeability (natural logarithmic transform) for the north tidal channel (TCHN) and the south tidal channel (TCHS) in the G outcrop are presented in Figs. 16 and 17 respectively. A quick look at the histograms of the porosity (Misra, et. al, 1997)15 in the two facies shows a marked difference in their distributions. Porosity in TCHS is bimodal whereas TCHN is unimodal. There also exists a difference in the range of the data. The permeability histograms show that both are skewed. The natural log permeability histograms revealed that both TCHS and TCHN have a difference in their spread and skewness. Cross plots did not reveal any definite relationship between the porosity and the permeability in either of the facies. However, the variograms in both facies are strikingly similar. They are periodic in nature with a cyclicity of approximately 20 ft.  In both facies the porosity and the permeability variograms follow the same periodic behavior. The holes in the variogram of both porosity and permeability in either of the facies occur at about 21 ft., 41 ft. and 61 ft. Both parameters have a range of approximately 11 ft. in either facies. The only difference that is observed between the variograms of the two facies is the fact that the periodic amplitudes in the TCHN extends above the standard sill whereas in the TCHS is contained within the standard sill. We have already indicated that holes might appear due to the presence of bedset boundaries or simply due to spatial data value differences. In our case it is the latter, since the data from both the channel facies did not cross any visible bedset boundaries. 



Geology-Variogram Relationship. The relationship between variograms and the depositional architecture has been given little attention in the literature. A complete understanding of this relationship is critical to translate variogram information to production fields at the interwell scale. Without this information, knowledge of lateral variability in subsurface properties is limited to the small amount of data available from wells. The lack of understanding of the underlying geology in reservoirs might result in an unreliable variogram model. In order to assess the reliability of subsurface variogram models, core and log data from 59 wells in the Arch unit of Patrick Draw field were correlated and the tidal delta facies was identified in 53 wells while the tidal channel facies was identified in all 59 wells.  The mean permeability and porosity values over the vertical profiles of each well were used as representative values of any particular facies in that well. Fig. 18 shows an areal view of the cluster of wells used for the variogram analysis in Patrick Draw field.

The omnidirectional semivariograms of porosity and permeability data are shown in Figs. 19 and 20 for the tidal delta and the tidal channel facies, respectively. We chose to use the omnidirectional variogram because the data had an areal distribution in space as opposed to lateral and vertical distribution in the outcrop. Although some meaningful estimates of range of continuity can be estimated from both porosity and permeability in each of the subsurface facies, the reliability of such estimates are always questionable in a lateral sense. 

Why do we question the experimental variograms? The reasons are manifold. First, is it possible to obtain adequate model fits for the types of variograms shown in the figures? Second, are the experimental variograms truly representative of the underlying lithofacies? Third, do the data obtained from the wells represent a single, continuous lithofacies in the subsurface? Fourth, does the subsurface experimental variogram correspond with the continuity observed in the outcrop formation of the similar facies? Fifth, is the range of continuity of approximately 1500 ft. a reasonable value for a formation extending to a areal distance of 20,000 ft.? Despite all these questions people have conveniently fitted a mathematical model to the experimental variograms without investigating the geological reality. A reasonable follow up question would be whether the outcrop variograms do provide sufficient information on the geology of the facies or the formation.

Let us investigate a non-traditional approach in trying to identify the geology using the outcrop data. Due to intensive data availability in the GTD facies we will limit our discussion to that particular facies without any inherent implication of the extension of any observation from such analysis to other facies. We chose two vertical cross-sections in the GTD with an array of data that are equally spaced along a stratigraphic datum. We decided to designate these two arrays of data as two wells that are spaced 300 ft. apart. We computed the variograms of pairs of permeability data at each depth between the two hypothetical wells. The result is provided in Fig. 21. We realize that the range of continuity in the GTD facies is approximately 50 ft. although we do see periodic variations in the permeability data. It was a surprise to see that the pairs of data have extremely good correlation at certain depths while they have very poor correlation at other depths. Is this an artifact of the periodicity? We also computed all such variograms for hypothetical wells spaced at a lag distance of 25 ft. through 300 ft. with an increment in the lag of 25 ft. The basis of this hypothetical test arose from the idea that in a field situation, the best we could achieve in lateral variogram analysis is the vertical data between two wells.

Fig. 22 provides a qualitative view of the continuity structure as a result of the non-traditional analysis. The periodicity in the permeability observed in Fig. 14 is evident from Fig. 22. The concept of the conventional variogram states that the continuity in the data is reduced as we move further away from a certain point. This feature is clearly evident from the increase in the height of the peaks in Fig 22 as we move towards greater lags. Continuity of a parameter in a formation with the presence of bedsets may not be necessarily along a straight horizontal line. We suggest that as soon as the sample pattern crosses a bedset boundary, the line of continuity shifts vertically.  This can be ascertained geologically by careful study of the relative timing of formation of bedsets within the facies. Without such information obtained from analogous outcrops, the subsurface heterogeneity would not be sufficiently understood.  Therefore, the continuity relationship derived from wells in the  reservoir would be incomplete.



Upscaling. The term upscaling has different meanings depending upon the application. In our context we have made an attempt to translate outcrop variogram information to the subsurface.  Few attempts of this nature using fractal dimensions have been reported in the past. A noteworthy effort is the approach followed by Goggin et al. (1988)21 where they have shown that the range of a semivariogram is highly sensitive to the extent/area of the data used. We have merely extended their approach to provide a meaningful translation of variogram information to equivalent subsurface formations. Figs. 23 and 24 provide the relation between the lateral extent of data used and the respective ranges varying from a block  less than one foot long through several orders of magnitude in the analogous outcrop to Patrick Draw field data for the tidal delta facies. We obtained a reasonable correlation between the lateral data extent and the variogram range with a correlation coefficient of the best fit line of 0.88 for the permeability and 0.97 for the porosity data.  The validity of the linear model is still a question and without performing any kriging or simulations we do not wish to provide any definite conclusive remarks on the plots. However, we do perceive that this model is an excellent starting point for non-parametric translation of outcrop data to subsurface reservoirs. 	

Summary and Conclusions

We have assessed the lateral variation of petrophysical properties within depositional facies from an inlet-dominated shoreline barrier.  Using a large database of drilled outcrop plugs and geologically described stratigraphic sections from three outcrops we have been able to determine that the tidal delta facies has consistently better petrophysical properties than any other facies.  Because of the great lateral extent,  approximately parallel to depositional strike, we have concentrated on analysis of the tidal delta and the tidal channel facies.

Statistical analysis of petrophysical properties indicates that porosity distribution for the tidal delta and the tidal channel facies are approximately normally distributed over a compact range of values.  Mean porosity for the tidal delta is essentially the same at outcrop G (31.5%) as at outcrop V (31.7%).  Northern and southern tidal channel sandstones at outcrop G also have similar mean porosity values (24.7% and 26.0%, respectively).  In contrast, permeability distributions for both tidal channels at outcrop G and the tidal delta facies at outcrop G are unimodal with a positive skewness.  Permeability distribution for the tidal delta at outcrop V is bimodal with a slight negative skewness.  Mean permeability for the northern tidal channel (156.9 md) is somewhat less than half the mean value for the southern tidal channel (235.4 md).  The tidal delta permeability mean at outcrop V is 2896.4 md but the distribution is bimodal.  The lesser permeability mode for the tidal delta at outcrop V (1,100-1,200 md) is very close to the mode for the tidal delta at outcrop G (1,050-1,100 md).

Lateral variations in properties such as grain contact type and compaction/cementation parameters are qualitatively defined. The correlation between petrographic and petrophysical properties is generally poor.  The spatially predictive capabilities of these relationships are, therefore, limited. Analysis of our data indicates that if petrographic and petrophysical properties are first sorted according to intergranular volume, then the trends in cementation, compaction and porosity can be explained.  Petrographic modal analysis predicts permeability poorly.

In order to quantify lateral trends in petrophysical properties we have used the geological descriptions of the depositional facies to guide geostatistical analysis. Three aspects of geostatistical analysis were investigated to obtain a characteristic description of the outcrop heterogeneity based upon a geology-variogram relationship and to attempt upscaling of the outcrop properties for use in analagous reservoirs such as Patrick Draw field.  The tidal delta and the tidal channel lithofacies were chosen for the purpose of geostatistical analysis due to an abundance of data and the ability to compare similar facies at two outcrops. From the variogram analysis it was concluded that the semivariograms reproduce the geological architecture well. However, caution needs to be used when fitting models to the data because of embedded diagenesis or weathering information in the samples. An alternate hypothetical “well correlation” approach of the variogram analysis was investigated using outcrop data. This approach provided a good approximation of the periodic heterogeneity existent in the facies analyzed. Finally, a successful attempt was made in translating geostatistical information from outcrops to subsurface formations by establishing a linear correlation between the lateral extent of sample data and the variogram range.

Acknowledgements

This project was funded by the financial support of the Department Of Energy under agreement DE-AC22-94PC91008.  The support of Union Pacific Resources Company for access to the outcrop is greatly appreciated. We also wish to thank the technical staff of BDM Petroleum Technologies for discussions that improved this paper.

References 

1.		Szpakiewicz, M., Schatzinger, R., Jackson, S., Sharma, B., Cheng, M.M. and Honarpour, M.: “Selection and initial characterization of a second barrier island reservoir system and refining of methodology for characterization of shoreline barrier reservoirs,”  U.S. DOE Fossil Energy Topical Report NIPER-484 (1991) 170 p.



2.		Schatzinger, R.A., Szpakiewicz, M.J., Jackson, S.R., Chang, M.M., Sharma, B., and Tham, M.K.: “Integrated geological-engineering model of Patrick Draw Field and examples of similarities and differences among various shoreline barrier systems:,”  U.S. DOE Fossil Energy Topical Report NIPER-575 (1992) 146 p.



3.		Chang, M.M., Guo, G., Schatzinger, R., and Lawson, D.: “Geological and engineering techniques for prediction, detection, and evaluation of reservoir bounding surfaces,” U.S. DOE Fossil Energy Topical Report NIPER/BDN-0053 (1994) 92 p.



4.		Schatzinger, R. A., and L. Tomutsa: ìMultiscale Heterogeneity Characterization of Tidal Channel, Tidal Delta and Foreshore Facies, Almond Formation Outcrops, Rock Springs Uplift, Wyoming,î Proceedings of the Fourth International Reservoir Characterization Technical Conference (1997) 199-217.



5.		Schatzinger, R. A., and J. Wheeler: ìArchitectural Controls of Reservoir Quality in a Transgressive Barrier Shoreline: An Outcrop Study of the Almond Formation, Rock Springs Uplift, Wyoming,î Canadian Society of Petroleum Geologists - Society for Sedimentary Geology (SEPM) Joint Convention, Calgary, Canada,  (1997) in press.



6.		Horne, J.C., and Scott, A.J.: “Sequence stratigraphic influence on reservoir characteristics-Cretaceous Foreland Basin Deposits Southwest Wyoming, Northeast Utah, and Northwest Colorado,”  American Association of Petroleum Geologists Field Seminar (1996) 199.



7.		Ehrenberg, S.N.: “Measuring Sandstone Compaction from Modal Analysis of Thin Sections: How to Do It and What the Results Mean,” Jour. Sed. Research (1995) A65 369.



8.		Houseknecht, D.W.: “Assessing the Relative Importance of Compaction Processes and Cementation to Reduction of Porosity in Íandstones” AAPG Bull. (1987) 71 633.



9.		Tomutsa, L., Jackson, S.R., and Szpakiewicz, M.: ìGeostatistical Characterization and Comparison of Outcrop and Subsurface Facies : Shannon Shelf Sand Ridges,î paper SPE 15127 presented at the 1986 SPE 56th California Regional Meeting, Oakland, CA, April 2-4.



10.		Kittridge, M.G., Lake, L.W., Lucia, F.J., and Fogg G.E.: ìOutcrop/Subsurface Comparisons of Heterogeneity in the San Andres Formation,î SPE Formation Evaluation (Sept. 1990), 233-240.



11.		Kara, B., Kasap, E., and Tillman, R.W.: ìQuantitative Description of Muddy Sandstone : Geostatistical Parameters, Automated Facies Generations, and Measurement Methodologies,î paper SPE 26488 presented at the 1993 SPE 68th Annual Technical Conference and Exhibition, Houston, TX, October 3-6. 



	12.	Hand, J.L., Moritz, A.L. Jr., Yang, C-T., and Chopra, A.K.: ìGeostatistical Integration of Geological, Petrophysical, and Outcrop Data for Evaluation of Gravity Drainage Infill Drilling at Prudhoe Bay,î paper SPE 28396 presented at the 1994 SPE 69th Annual Technical Conference and Exhibition, New Orleans, LA, Sept. 25-28.



13.		Kasap, E.: ìReservoir Characterization: A Powerful Tool for Reservoir Management,î TJOG (1995) 1, No. 2, 22-38.



14.		OíMeara, D. J. Jr., and Jiang, R.: ìThe Gypsy Outcrop Model for Testing Geostatistical Methods,î paper SPE 35477 presented at the 1996 European 3-D Reservoir Modelling Conference, Norway, April 16-17.



15.		Misra, D., Cil, M., Schatzinger, R.A., and Wheeler, J.: ìModal and Geostatistical Analysis of Physical Properties : Almond Formation Transgressive Shoreline Barrier Facies, South Central Wyoming,î topical report NIPER/BDM-0327, Department of Energy, National Petroleum Technology Office Contract DE-AC22-94PC91008 (Sept. 1997).



16.		Isaaks, E.H., and Srivastava, R.M.: An Introduction to Applied Geostatistics , Oxford University Press, New York (1989), pp. 561.



17.		Journel, A.: ìGeostatistics of Reservoir Characterization,î paper SPE 20750 presented at the 1990 SPE 65th Annual Technical Conference and Exhibition, New Orleans, LA, Sept. 23-26.



18.		Jensen, J.L., Corbett, P.W.M., Pickup, G.E., and Ringrose, P.S.: ìPermeability Semivariograms, Geological Structure, and Flow Performance,î Mathematical Geology, (1996) 28, No. 4, 419-435.



19.		Sahin, A., Ghori, S.G., Ali, A.Z., El-Sahn, H.F., Hassan, H.M., and Al-Sanounah, A.: ìGeological Controls of Variograms in a Complex Carbonate Reservoir, Eastern Province, Saudi Arabia,î Mathematical Geology, (1998) 30, No. 3, 309-322.



20.	Deutsch, C. V., and Journel, A.G.: GSLIB: Geostatistical Software Library and Userís Guide, Oxford University Press Inc., New York (1997).



21.		Goggin , D.J., Chandler, M.A., Kocurek, G.A., and Lake, L.W.: Patterns of Permeability in Eolian Deposits,î SPEFE (June, 1988) 297-306.



��

TABLE 1—SUMMARY OF PETROPHYSICAL PROPERTIES��Outcrop�Facies �Property�Minimum�Maximum�Mean�Median�Skewness�Points�K vs Ø, R^2��G�Backbeach�Ø, %�K, md�22.7�83.7�37.7�486.0�27.4�258.9�27.2�247.0�1.76�0.48�20�20�linear 0.42�log 0.45��G�Beach�Ø, %�K, md�23.7�66.0�31.5�1053.5�27.6�501.9�27.6�523.8�-0.14�0.08�111�118�linear 0.67�log 0.67��G�Upper�Shoreface�Ø, %�K, md�21.8�22.1�30.4�708.9�25.7�235.5�25.6�221.1�0.08�0.59�237�249�linear 0.50�log0.50��G�Middle�Shoreface�Ø, %�K, md�13.7�2.1�32.1�1017.0�27.6�411.9�28.9�370.7�-2.48�0.48�17�17�linear 0.31�log 0.27��G�Oyster�Marker�Ø, %�K, md�23.3�82.0�32.5�1681.7�28.2�887.7�30.0�1050.0�-0.28�-0.13�5�5�linear 0.98�log 0.98��G�Tidal�Creek�Ø, %�K, md�22.9�184.5�27.5�1194.5�25.1�533.0�24.9�220.0�0.16�0.70�3�3�linear 0.84�log 0.82��G�Tidal Channel�(all data)�Ø, %�K, md�12.9�3.5�36.1�1570.2�25.3�236.2�25.0�184.4�0.38�2.55�442�606�linear 0.32�log 0.30��G�Northern�Tidal Channel�Ø, %�K, md�12.9�3.5�31.9�1570.2�24.7�211.5�24.6�156.9�-0.29�3.61�173�173�linear 0.29�log 0.26��G�Southern�Tidal Channel�Ø, %�K, md�21.0�40.1�32.5�1223.0�26.0�275.2�26.2�235.4�0.36�2.74�203�203�linear 0.41�log 0.39��G�Tidal Delta�Ø, %�K, md�24.3�135.6�37.8�5311.6�31.5�1184.0�31.5�1285.2�-0.30�2.12�753�760�linear 0.19�log 0.19��G�Tidal Inlet�Ø, %�K, md�20.6�23.2�41.9�1640.7�27.1�437.0�26.6�353.9�2.08�2.37�76�76�linear 0.34�log 0.38��H�Tidal Flat�Ø, %�K, md�7.5�0.43�32.1�2927.0�25.8�460.4�26.4�425.7�-2.53�3.62�207�206�linear 0.38�log 0.27��V�Middle�Shoreface�Ø, %�K, md�21.8�43.7�37.0�951.7�30.5�426.5�31.2�435.2�-0.56�0.73�51�51�linear 0.66�log 0.63��V�Tidal Delta�Ø, %�K, md�22.6�13.1�35.1�5465.3�31.7�2896.4�31.7�2991.7�-1.13�-0.35�575�572�linear 0.22�log 0.22��G�All Facies�Ø, %�K, md�12.9�2.1�41.9�5311.6�28.4�653.3�28.6�435.0�-0.27�1.51�1672�1857�linear 0.61�log 0.59��V�All Facies�Ø, %�K, md�21.8�13.1�37.0�5465.3�31.6�2694.2�31.7�2923.5�1.74�-0.58�626�623�linear 0.21�log 0.21��Subsurface�Tidal Delta�Ø, %�K, md�1.7�0.01�26.1�355.0�19.0�36.3�20.1�20.0�-1.96�3.45�518�518�linear 0.20�log 0.20��Subsurface�Tidal Channel�Ø, %�K, md�2.3�0.01�28.3�546.0�19.9�49.2�20.7�34.0�-1.96�2.90�509�509�linear 0.20�log 0.10��
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Fig. 1--The study area is located on the eastern margin of the Rock Springs Uplift,, Wyoming.  Topographic inset of section 33, T16N,R102W shows the location of outcrops G, V, and H.

�

Fig. 2--Depositional model for an inlet-dominated barrier island system.



�



Fig. 3--Crossplot of porosity and permeability for all facies from outcrop G.
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Fig. 4--Crossplot of porosity and permeability for both facies at outcrop V.
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Fig. 5--Comparison of the relationship between porosity and permeability for the tidal delta and tidal channel facies at outcrop G.
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Fig. 6--Crossplot of mean porosity versus mean permeability for all facies recognized at outcrops G, V, and H.  Note that the tidal delta faies has higher mean values for pososity and permeability than any other facies that was sampled.
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Fig. 7--Example of lateral variations in the proportions of grain contact types from the northern tidal channel at outcrop G.
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Fig. 8--Example of lateral and vertical variations in the proportions of grain contact types from the tidal delta facies at outcrop G.
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Fig. 9--Variations in the proportions of contact types with depth in the shallow subsurface Almond Formation of Core Hole No. 2, located 1/4 mile east of outcrop G.
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Fig. 10--Comparison of the lateral variations in the contact index (CI) and percentage of total cement from the northern tidal channel at outcrop G.
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Fig. 11-- Comparison of the lateral variations in the contact index (CI) and percentage of total cement from the tidal delta facies at outcrop G
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Fig. 12-- Comparison of the lateral variations in the contact index (CI) and percentage of total cement from the tidal delta facies at outcrop V.
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Fig. 13--On the left is the relationship between COPL and CEPL for samples from outcrop G.  On the right is the same relationship for facies from the shallow subsurface in Core Hole No. 2.
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Fig. 14--Lateral semivariograms of porosity and permeability for GTD .
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Fig. 15--Lateral semivariograms of porosity and permeability for VTD.
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Fig. 16--Lateral semivariograms of porosity and permeability for TCHN.
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Fig. 17--Lateral semivariograms of porosity and permeability for TCHS.
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Fig. 18--Areal view of the location of wells in Arch Unit of Patrick Draw Field.
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Fig. 19--Omnidirectional semivariograms of porosity and permeability in the tidal delta facies at Patrick Draw Field.
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Fig. 20--Omnidirectional semivariograms of porosity and permeability in the tidal channel facies at Patrick Draw Field.
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Fig. 21--Semivariogram profile with depth of a hypothetical well correlational model using outcrop data and a 300 ft. lag distance.
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Fig. 22--Semivariogram surface of a hypothetical well correlational model using outcrop data reflects underlying sedimentary architecture.
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Fig. 23--Lateral extent of permeability data versus semivariogram range correlational model from the tidal delta facies of the Almond Formation.
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Fig. 24--Lateral extent of porosity data versus semivariogram range correlational model from the tidal delta facies of the Almond Formation.
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