SEDIMENTARY PETROLOGY AND RESERVOIR QUALITY OF
LOWER CRETACEOUS NANUSHUK FORMATION SANDSTONES,	Comment by mawartes: Are we sure of this?  Regionally the Nanushuk includes Cenomanian (Upper Cretaceous), particularly where nonmarine facies are present.  Perhaps the less committal “mid-Cretaceous” is safer?  Might ask LePain what he feels the age control is. . .
USGS WAINWRIGHT #1 TEST WELL, WESTERN NORTH SLOPE, ALASKA
by
Kenneth P. Helmold
Alaska Division of Oil & Gas, 550 W. 7th Avenue, Suite 800, Anchorage, AK 99501-3560; ken.helmold@alaska.gov
INTRODUCTION	Comment by mawartes: In the absence of an abstract, I like to see a couple brief sentences in the introduction that summarize the conclusions of the study. This helps readers know what to expect if they decide to commit to reading the whole paper . . .
The U.S. Geological Survey (USGS) conducted a project in 2007 to evaluate the coalbed methane potential of the Nanushuk Formation as a reliable source of energy for the village of Wainwright, located southwest of Barrow on the Beaufort Sea coast (fig. 1). As part of this project the USGS Wainwright #1 test well was drilled, which included 1,530 ft of continuous core from a depth of 75 to 1,605 ft. The analytical program included sampling and measuring the gas content of coals that could have potential as a coalbed methane resource. The sedimentology of the core was documented by LePain and Decker (this volume); the regional subsurface context for this core is presented by Decker (this volume). As a parallel study, this report documents the sedimentary petrology and reservoir quality of the Nanushuk siltstones and sandstones encountered in the well.	Comment by mawartes: Cite one of the USGS reports about this effort.  Perhaps Clark (2014) USGS OF paper:

https://pubs.er.usgs.gov/publication/ofr20141004	Comment by mawartes: Age??  Given that this chapter could be downloaded as a stand-alone publication, this introduction could benefit from a slightly longer text informing the reader about the basics of the Nanushuk.  This could be distilled from things like LePain et al (2009) DGGS RI.
Similarly, it would be nice to have even a simplified strat chart showing where the Nanushuk sits in the bigger stratigraphy of the North Slope / Brookian.  The Mull et al (2003) used by LePain in chapter 2 could work here too.
DATASETS
Fifty-one (51) plugs were cut from the conventional core and submitted to Weatherford Laboratories for routine core analysis. The analyses were run under a net confining stress of 400 psi. Because of the rubbly nature of some of the plugs, complete petrophysical data (porosity, permeability, and grain density) could only be obtained for 46 samples (appendixes A, B). Trimmed end-cuts from the plugs were submitted to Petrographics, Inc., of Montrose, CO, for preparation of standard petrographic thin sections. The samples were impregnated with epoxy spiked with both blue and fluorescent dyes prior to thin-section preparation. After initial inspection, 48 sandstones and siltstones were selected for modal analyses, which were performed by Michael D. Wilson of Wilson & Associates, a petrographic consulting firm located in Lakewood, CO. He counted a minimum of 400 points using the traditional (non Gazzi-Dickinson) point-counting method (Ingersoll and others, 1984; Decker and Helmold, 1985) to determine the composition of the framework (detrital grains) and intergranular components (matrix, cement, porosity). The modal analyses are presented in two formats: (1) raw counts of Wilson (appendix C) and (2) standardized hierarchical categories originally devised by Decker (1985) and modified by Helmold in subsequent years (appendix D). All interpreted data, plots, and tables in this report are based on the Decker–Helmold system. Summaries of the modal data, standard petrologic parameters, and ternary ratios are presented in appendix E, and petrographic ratios used to construct ternary diagrams are listed in appendix F.	Comment by mawartes: Not sure this is necessary, and it slows the text down a bit.  If you want to keep it, perhaps a footnote?  If its included, then should probably do the same for other businesses mentioned (Weatherford, Petrographics, Inc., Data Description, etc.) 	Comment by mawartes: The World famous D-H system!  I’m a disciple, having been inculcated way back in 1995!  
Wilson conducted a second count of 100 grains (including matrix) for grain size. A complete listing of the grain-size data, in both mm and phi units, is presented in appendix G. The original (non-interpreted) composition and grain-size data provided by Wilson and the interpreted data are available in Excel format in separate digital files. 	Comment by mawartes: Also in the appendix?  If not, then I wouldn’t indicate they’re “available”.  Or, are the Appendices different than the digital files you’re referring to? I’m obviously confused.
PETROLOGIC FACIES
As part of the detailed core description, LePain and Decker (this volume) assigned sedimentologic facies to horizons from which plugs were taken for petrologic and routine core analyses (appendix A, Core Facies). These designations were based largely on sedimentologic characteristics, mainly grain size and sedimentary structures. In several instances the assignments were equivocal because more than one facies was present in close proximity to the sampled horizons. In an effort to better integrate the sedimentologic (LePain and Decker, this volume) and petrologic analyses, the thin sections were examined and samples were reassigned to a sedimentary facies based on combined petrologic and sedimentologic criteria (appendix A, TS Facies). It was readily apparent tThe petrology of some of these facies groups were fairly similar, while within other groups facies exhibited there was significant within-group variability in petrologic parameters. It was therefore decided to analyze the petrology of the samples independent from their sedimentology.	Comment by mawartes: Also cite table 2?	Comment by mawartes: Ok, but do you think it basically has no impact on petrology?  I would think sorting, grain size, etc. are still influenced by facies.  You’ve given the reader the facies (Appendix 1), so I suppose they can analyze further if they’re so inclined. . . .
A cursory inspection of the data showed that tTwo of the samples are heavily carbonate cemented and, therefore, are anomalous. They were assigned to a separate group and excluded from further statistical analyses. The remaining samples were grouped into petrofacies using the statistical capabilities of Data Desk, a statistical software application produced by Data Description, Inc., Ithaca, NY. Fifty-five variables describing petrographic attributes including texture (such as grain size, sorting), composition (such as grain types, matrix, cements), and reservoir quality (such as porosity, permeability, intergranular volume) were amassed into a database. In several cases, mathematical transformations of variables (for example, logarithms of permeability and grain size) were also included. The variables were evaluated to determine suitability for use in allocating samples to petrofacies. Some variables, for example ‘glauconite’, contained null values for most of the samples, signifying the absence of glauconite. Other variables, for example ‘quartz cement’, contained similar values for most of the samples, resulting in low standard deviations and little discriminating power. The 25 most significant variables were statistically compared with each other to ascertain which pairs had the greatest correlation, either positive or negative (table 1). Three of the most highly correlated variables representing texture, composition, and reservoir quality were designated as grouping variables. Grain size (measured in millimeters) was selected to represent texture, bulk chert content to represent composition, and thin-section porosity as a proxy for reservoir quality. Thin-section porosity was chosen over routine (measured) porosity, which was more highly correlated with grain size, so that all three parameters could be ascertained directly from point-count analyses. The three parameters were displayed on a rotating plot in Data Desk (fig. 2), which provides an intuitive means to investigate relationships among three variables without using statistical analyses. This fully rotatable plot was studied in all three dimensions to search for interesting views, including clumping of the data into separate clusters. If clusters are apparent, the plot is rotated until maximum separation is obtained among the samples, at which point they can be assigned to individual groups. Using this methodology, the samples were assigned to one of four petrofacies; the two cemented samples were allocated to a fifth petrofacies. The petrofacies are designated: (1) Siltstone petrofacies, (2) Very-fine-grained sandstone petrofacies, (3) Fine-grained sandstone petrofacies, (4) Medium-grained sandstone petrofacies, and (5) Carbonate-cemented sandstone petrofacies. The composition of the petrofacies is illustrated in a series of ternary diagrams (fig. 3), their texture is displayed in a plot of cumulative grain size (fig. 4), and representative photomicrographs are shown in figs. 5–9. The relationship between the petrofacies and sedimentologic facies of LePain and Decker (this volume) are presented in table 2.	Comment by mawartes: Sounds arbitrary and qualitative.  Any alternate wording?	Comment by mawartes: I understand (sort or) what you and the software are doing here (kind of a visual PCA?).  But, I’ve not seen this done before – is there any publication to cite here that might direct readers to a more lengthy discussion of this (novel?) method?
To assess how these petrofacies compare to other Nanushuk sandstones in terms of composition, texture, and reservoir quality, data from 26 North Slope exploration wells (table 3) are included in the various scatter and ternary plots.	Comment by mawartes: Were these wells specifically chosen because you had data from Burns etal, plus your proprietary ARCO database?
SILTSTONE PETROFACIES	Comment by mawartes: Needs to be lowercase to indicate this is a sub-heading beneath the larger “PETROLOGIC FACIES” main heading.
The siltstone petrofacies is represented by nine samples (only six were point-counted) that typically consist of laminated, mud-rich siltstones with a fairly high clay content (fig. 5). They have an average modal composition of Qt71F14L15, Qm57F14Lt29, Qm80P12K8, Qp49Lvm4Lsm46 (fig. 3, appendix F), and a plagioclase/total feldspar (P/F) ratio of 0.61. The average grain size (fig. 4, appendix G) of the siltstones is 0.011 mm (fine silt), with an average Folk sorting (Folk, 1974) of 3.39 (very poor). Their framework composition is dramatically different from the sandstones, owing largely to their finer grain size (see section on petrologic trends, below). Monocrystalline quartz (Qm) is the single-most-abundant detrital grain, averaging 48 percent of the framework fraction. Chert is a minor detrital component (4 percent of framework), in contrast to the coarser-grained detritus in which it is more abundant. Feldspar comprises approximately 12 percent of the framework and consists of roughly equal proportions of plagioclase and K-feldspar. Sedimentary rock fragments (SRFs), consisting largely of detrital carbonate, mudstone, and argillite, are the dominant lithic component (average 8 percent of framework), with lesser amounts of felsic volcanic and plutonic grains, phyllite, and quartzite. Micas (average 3.5 percent) and organic material (average 6 percent) are more abundant than in the sandstones, due to their hydrodynamic equivalence with the finer detritus.	Comment by mawartes: Do you mean “clay-rich”?  Technically, silt is just the coarser part of the “mud” category . . .
Overall reservoir quality of the siltstones is moderately poor to poor with an average air permeability of 1.22 md (0.96 md Klinkenberg permeability) and average porosity of 15 percent (fig. 10). They contain significant detrital clay matrix (average 37 percent), which has a pronounced effect on reservoir quality, particularly permeability. Siderite is a minor cement with a patchy distribution (varies from 0.5 to 6 percent of bulk rock, average 3 percent). The intergranular volume (IGV) is high (average 41 percent), largely due to the abundant matrix.	Comment by mawartes: Although this is a fairly straightforward connection, a reference supporting this conclusion might be useful.
One sample of this petrofacies belongs to the plane-parallel laminated sandstone (Slf) facies, three to the ripple cross-laminated sandstone (Sr) facies, three to the convolute laminated sandstone (Scb) facies, and two to the massive mudstone (Fm) facies (table 2). 
VERY-FINE-GRAINED SANDSTONE PETROFACIES	Comment by mawartes: Needs to be lowercase to indicate this is a sub-heading beneath the larger “PETROLOGIC FACIES” main heading.
The very-fine-grained sandstone petrofacies is represented by 16 feldspathic litharenites and litharenites (fig. 6). They have an average modal composition of Qt62F16L22, Qm35F16Lt49, Qm68P21K11, Qp59Lvm6Lsm35 (fig. 3, appendix F), and a plagioclase/total feldspar (P/F) ratio of 0.66. Their average grain size (fig. 4, appendix G) is 0.08 mm (lower very fine), with an average Folk sorting (Folk, 1974) of 1.83 (poor). Monocrystalline (Qm) and polycrystalline (Qp) quartz are the two dominant framework components, averaging 31 and 12 percent of the framework fraction, respectively. Other significant detrital components include chert (11 percent), plagioclase (9 percent), and K-feldspar (5 percent). Lithic detritus consists largely of sedimentary (detrital carbonate, mudstone, argillite) and metamorphic (phyllite, quartzite) rock fragments. Organic matter and micas are accessory detrital components.	Comment by mawartes: Since you’re referring to their compositional classification, might also want to cite figure 3 here.
Overall reservoir quality of the very-fine-grained sandstones is good to very good with an average air permeability of 43 md (36 md Klinkenberg permeability) and average porosity of 23 percent (fig. 10). They typically are lightly cemented, containing an average of 3 percent carbonate cements, mostly siderite and minor ankerite. Kaolinite is a patchy, pore-filling cement averaging 1 percent of the bulk rock, and a few overgrowths were observed on detrital quartz grains (<1 percent). Detrital matrix is variable, ranging from 3 to 12 bulk percent, sometimes concentrated along diffuse laminae. The average intergranular volume (IGV) is 24 percent, similar to that of the other sandstones. 
Nine samples of this petrofacies belong to the plane-parallel laminated sandstone (Slf) facies, five to the ripple cross-laminated sandstone (Sr) facies, and two to the heterolithic sandstone and mudstone (SFh) facies (table 2).
FINE-GRAINED SANDSTONE PETROFACIES	Comment by mawartes: Needs to be lowercase to indicate this is a sub-heading beneath the larger “PETROLOGIC FACIES” main heading.
The fine-grained sandstone petrofacies is represented by 21 chert-rich litharenites (fig. 7). They have an average modal composition of Qt57F11L32, Qm19F10Lt71, Qm64P21K15, Qp59Lvm9Lsm32 (fig. 3, appendix F), and a plagioclase/total feldspar (P/F) ratio of 0.59. The average grain size (fig. 4, appendix G) of this petrofacies is 0.20 mm (upper fine), with an average Folk sorting (Folk, 1974) of 0.97 (moderate). Chert and monocrystalline quartz (Qm) with dominantly straight to slightly undulose extinction are the two dominant framework components, averaging 26 and 17 percent of the framework fraction, respectively. Chert is largely of the common microcrystalline variety; other varieties include micaceous–argillaceous, calcareous–dolomitic, and microporous chert. Polycrystalline quartz (Qp) averages 9 percent of the detrital framework and consists of both grains with 2–5 crystals (plutonic and high-rank metamorphic provenance) and greater than 5 crystals (low-rank metamorphic provenance; Basu and others, 1975; Blatt and others, 1980; Blatt, 1982; Boggs, 2009). Feldspar comprises roughly 9 percent of the framework, consisting of slightly more plagioclase than K-feldspar. Plagioclase shows varying degrees of alteration and dissolution, while K-feldspar is largely unaltered. Lithic fragments (excluding chert) comprise approximately 30 percent of the rock framework, consisting of mudstone–siltstone, felsic volcanic and plutonic grains, quartzite, phyllite, and detrital carbonate. Micas, heavy minerals, and dispersed organic grains occur in trace amounts.	Comment by mawartes: Is this a size measurement (micron?)?  If so, should be stated.
Overall reservoir quality of these sandstones is very good to excellent with an average air permeability of 210 md (193 md Klinkenberg permeability) and average porosity of 25 percent (fig. 10). They are largely uncemented and contain only limited detrital matrix. Minor cements include patchy, pore-filling kaolinite and siderite, and occasional ankerite. Siderite locally replaces oversized clay grains (probable clay rip-up clasts) and occurs along mica cleavage, causing the mica to be splayed out. A few overgrowths were observed on monocrystalline quartz grains. The average intergranular volume (IGV) is 23 percent, suggesting that most porosity loss was through compaction.
Fourteen samples of this petrofacies belong to the plane-parallel laminated sandstone (Slf and Slm) facies, four to the cross-bedded sandstone (Sx) facies, and three to the massive sandstone (Sm) facies (table 2).
MEDIUM-GRAINED SANDSTONE PETROFACIES	Comment by mawartes: Needs to be lowercase to indicate this is a sub-heading beneath the larger “PETROLOGIC FACIES” main heading.
The medium-grained sandstone petrofacies is represented by three samples that are chert-rich litharenites (fig. 8). They have an average modal composition of Qt70F8L22, Qm19F8Lt73, Qm69P23K8, Qp73Lvm8Lsm19 (fig. 3, appendix F) and a plagioclase/total feldspar (P/F) ratio of 0.76. Their average grain size (fig. 4, appendix G) is 0.27 mm (lower medium), with an average Folk sorting (Folk, 1974) of 0.97 (moderate). Chert and monocrystalline quartz (Qm) are the two dominant framework components, averaging 44 and 17 percent of the framework fraction, respectively. Although chert consists largely of the common, clay-poor, microcrystalline variety, grains of micaceous–argillaceous chert are not uncommon and a few grains of the calcareous–dolomitic and microporous variants were noted. Monocrystalline quartz typically has straight to slightly undulose extinction (fig. 8). Polycrystalline quartz (Qp) averages almost 5 percent of the detrital framework and consists largely of grains with 2–5 crystal units. Feldspar comprises roughly 8 percent of the framework, consisting of three times more plagioclase than K-feldspar. Plagioclase shows varying degrees of alteration and dissolution, while K-feldspar is largely unaltered. Lithic fragments (excluding chert) comprise one-fifth of the rock framework and consist of a variety of lithologies including mudstone–siltstone, felsic volcanic and plutonic grains, quartzite, phyllite, and detrital carbonate. Micas (muscovite, biotite, and chlorite) and heavy minerals occur in trace amounts. Minor organic material occurs as dispersed grains (“coffee grounds”) and discontinuous laminae.
Overall reservoir quality of these sandstones is excellent with an average air permeability of 735 md (695 md Klinkenberg permeability) and average porosity of 26 percent (fig. 10). They are largely uncemented and contain little detrital matrix. Minor cements include patchy, pore-filling kaolinite and siderite. The average intergranular volume (IGV) is 26 percent, suggesting that most porosity loss was through compaction.
All three samples of this petrofacies belong to the plane-parallel laminated sandstone (Slm) facies (table 2).	Comment by mawartes: I think this is specifically the “medium grained” variety of ppl Ss.
CARBONATE-CEMENTED SANDSTONE PETROFACIES	Comment by mawartes: Needs to be lowercase to indicate this is a sub-heading beneath the larger “PETROLOGIC FACIES” main heading.
The carbonate-cemented sandstone petrofacies is represented by the two shallowest samples (181.9 and 339.0 ft.), which are extensively cemented by ankerite (ferroan dolomite). The abundant cement is the key petrographic characteristic that groups these samples into the same petrofacies (fig. 9). The two samples have an average grain size (fig. 4, appendix G) of 0.07 mm (lower very fine) and an average Folk sorting (Folk, 1974) of 1.72 (poor). Their detrital composition is similar to other very-fine-grained sandstones from the well with an average modal composition of Qt60F15L25, Qm35F15Lt50, Qm70P15K15, Qp51Lvm4Lsm45 (fig. 3, appendix F) and a plagioclase/total feldspar (P/F) ratio of 0.50. Monocrystalline quartz (Qm) is the dominant framework component in both samples, averaging 31 percent of the framework. Other significant detrital components include chert (13 percent), polycrystalline quartz (10 percent), plagioclase (7 percent), and K-feldspar (7 percent). Lithic grains consist largely of sedimentary (detrital carbonate, mudstone, argillite) and metamorphic (phyllite, quartzite) rock fragments. Organic material and micas are minor components. 	Comment by mawartes: You’ve already mentioned ankerite several times, so if you’re going to “define it” as ferroan dolomite, should probably do so at first occurrence.  . .
Overall reservoir quality of these sandstones is very poor to negligible with an average air permeability of 0.002 md (0.0005 md Klinkenberg permeability) and average porosity of 2.7 percent (fig. 10). They are highly cemented by ankerite (provisional identification is based on distinctive turquoise color resulting from potassium ferricyanide stain), which is virtually the only cement in the sandstones, averaging 43 percent of the bulk rock. The similarity in detrital mineralogy between these highly cemented and the other relatively uncemented very-fine-grained sandstones suggests that cementation was either (1) passively pore-filling with little replacement of detrital grains, or (2) unselective in grain replacement. While some grains do show evidence of etching or partial replacement (fig. 9C), the bulk of cementation is thought interpreted to have been passive. Matrix content varies between the two samples and may be related to grain size. The lower very-fine-grained (0.078 mm) sandstone at 181.9 ft. contains 9.5 percent matrix while the upper very-fine-gained (0.106 mm) sample at 339 ft. contains only 2 percent matrix. The average intergranular volume (IGV) of 49 percent is close to, or greater than, the presumed initial depositional porosity, suggesting that cementation was very early (syndepositional to very shallow burial) and that virtually no porosity was lost through compaction.	Comment by mawartes: That’s interesting and I agree that it definitely support early cementation.
One sample of this petrofacies belongs to the massive sandstone (Sm) facies, the other to the ripple cross-laminated sandstone (Sr) facies (table 2).
GRAIN-SIZE TRENDS
The Wainwright siltstones and sandstones exhibit well-developed relationships between texture, composition, and reservoir quality. In particular, grain size has a high degree of correlation with several parameters including porosity, permeability, and grain composition as illustrated by chert, monocrystalline quartz, and VRFs. It should be noted that because grain size is given in phi (φ) which is defined as −log2(grain sizemm), a positive correlation between variables (for example, permeability increases with increasing grain size) is actually reported as a negative value of the Pearson product–moment correlation coefficient (r). Likewise, to best display a linear relationship between variables, the ordinate (y-axis) on several of the cross-plots is commonly displayed with a logarithmic scale. 	Comment by mawartes: Maybe refer to table 1?
TAs may be expected there is a good correlation between grain size and reservoir quality as expressed by porosity and permeability. There is a pronounced linear relationship between grain size and porosity, with a Pearson product–moment correlation coefficient (r) of -0.94. The medium- and fine-grained sandstones have average porosity of 26 and 25 percent, respectively, while the siltstone porosity averages 15 percent (fig. 11A). To ascertain whether this trend is exhibited by Nanushuk sandstones from other localities, data from 26 additional North Slope wells (table 3) are plotted for comparison. Based on this limited dataset, it appears this trend is not evident in the regional Nanushuk data where sandstones of equivalent grain size have substantially lower porosity with a greater standard deviation. There is also a pronounced linear relationship between grain size and permeability, with an average permeability of 735 md in the medium-grained sandstones and only 1 md in the siltstones (fig. 11B). It is universally recognized that, all else being equal, coarser sediments have larger pore throats, resulting in enhanced fluid mobility. For the regional Nanushuk samples, permeability for a given grain size is substantially lower and exhibits greater variability than exhibited by the Wainwright samples. The reason for the disparity in the reservoir quality versus grain size relationships between the Wainwright and regional Nanushuk sandstones is related tointerpreted to reflect differences in burial and is discussed in the following section.	Comment by mawartes: Table 1?	Comment by mawartes: I know we’ve talked about this, but it still seems like some mention of where this data comes from is needed.	Comment by mawartes: Reference.
The relationship between grain size and framework composition is well illustrated by detrital chert (correlation coefficient of −0.93), with the medium-grained sandstones averaging over 30 percent (whole rock) chert while the siltstones average slightly over 2 percent (fig. 11C). The regional Nanushuk sandstones show a similar correlation, suggesting the grain size versus chert relationship may be universal among Nanushuk sandstones. A possible explanation for this trend may lie in the origin of the chert grains. One of the more likely origins is from the Mississippian–Pennsylvanian Lisburne Group in which large (cobble- to boulder-sized) chert nodules are widespread. As the nodules weather and erode from the Lisburne, their size would dictate their concentration in the coarsest detritus. With continued transport and abrasion, chert of silt to very-fine sand size should ultimately be produced if its solubility were comparable to that of quartz. In these finer fractions the higher solubility of chert relative to monocrystalline quartz, combined with greater surface area, may result in its selective dissolution, thereby increasing the relative abundance of quartz. A similar relationship is also seen in Ivishak sandstones from the North Slope of Alaska where chert content is thought to be related to distance of transport (Atkinson and others, 1990).	Comment by mawartes: Undoubtedly these contribute some chert grains, although this is typically limited to the dark gray to black variety.  I suspect that more of the chert is actually sourced from the Otuk and Imnaitchiak cherts (Penn – Jur), which are generally thinly bedded and multicolored.  This is especially true of the argillaceous variety . . .

Mull, C.G., 1995, The geological distribution of chert in the Brooks Range: Alaska Division of Geological & Geophysical Surveys Public Data File 95-32, 13 p. doi:10.14509/1711 	Comment by mawartes: Interesting hypothesis.  Another thought: the nodules tend to be very isotropic, which is why the paleo-hunters selectively used these for tools, rather than other bedded cherts that have a conspicuous fabric (and more non-chert components).	Comment by mawartes: Seems to me there is other literature (non-Alaskan) on this issue, though I can’t recall authors at the moment. . .

Perhaps just citing Ingersoll et al., 1984 would be useful?
A similar, although less pronounced, relationship exists between grain size and volcanic rock fragment (VRF) content where the medium- and fine-grained sandstones average 4 percent (whole rock) VRFs while the siltstones average 0.5 percent (fig. 11D). The regional Nanushuk data for VRFs show similar abundance (0.2–11 percent), although the correlation is not as convincing. In the cases of both chert and VRFs, the lithic grains are concentrated in the coarser detritus.
A complimentary relationship exists for grain size and monocrystalline quartz where the medium-grained sandstones average 13 percent (whole rock) Qm while the siltstones average 26 percent (fig. 11E). The correlation coefficient of 0.67 for the entire dataset increases to 0.80 for just the sand fraction (siltstones excluded). The regional Nanushuk data for Qm are similar (4–38 percent spread), although the correlation is less pronounced. 
RESERVOIR QUALITY
Reservoir quality (porosity and permeability) of the Wainwright sandstones varies widely from very poor (cemented sandstones) to excellent (medium-grained sandstone), and with the exception of the cemented samples, is largely controlled by grain size, which is a proxy for depositional environment. The porosity–permeability trend for the Wainwright samples parallels that of the regional Nanushuk trend, although a larger proportion of the regional sandstones have poor to very poor reservoir quality (fig. 10). This disparity in reservoir quality results from differences in burial, specifically the maximum burial the rocks experienced. The Wainwright test well is located along the northern Alaska coastline, where the amount of removed overburden is estimated at 2,762 ft (fig. 12, modified from Burns and others, 2005). That amount added to the current burial depths of Wainwright samples yields maximum depths of burial (Dmax) ranging from 4,381 to 5,701 ft. Most geologists consider burial on the order of 5,000 feet as shallow to moderate. In contrast, many of the wells in the regional dataset are up to 100 miles south of the Beaufort Sea, where estimates of removed overburden approach 9,000 ft (fig. 12, table 3). As a result, the maximum depth of burial for many of these samples approaches 10,000 ft (fig. 13), which is traditionally considered deep burial. 	Comment by mawartes: Although true, vague and anecdotal.  A reference would be better.	Comment by mawartes: To be clear, its not the distance from the Beaufort Sea that matters, but rather the distance from the rift shoulder combined with relative position in the foreland basin.  The axis of the Foredeep has seen far more Brookian burial that the distal, thinner parts of the basin . . .	Comment by mawartes: I assume this is basin on the Burns paper, deserving a citation.	Comment by mawartes: As above, arguing from authority rather than quantitatively stating what the cut-offs for the categories are.
Differences in reservoir quality are graphically illustrated in a PFC (Porosity–Framework–Cement) diagram (fig. 14), a technique originally proposed by Franks and Lee (1994). The Wainwright sandstones largely plot in the field of “compacted reservoir” while the siltstones fall into the “compacted non-reservoir” area of the diagram. The regional Nanushuk sandstones are largely confined to the “compacted reservoir” and “compacted non-reservoir”, although a few samples plot in the “preserved reservoir” portion of the diagram. A limited number of the Wainwright and regional samples lie in the “cemented non-reservoir” field, attesting that porosity is largely destroyed by compaction. This is confirmed by a cross plot of compactional porosity loss (COPL; Lundegard, 1992) versus cementational porosity loss (CEPL) which shows a similar relationship (fig. 15). The vast majority of Wainwright and regional Nanushuk sandstones have COPL values of 25–45 percent with corresponding CEPL values of less than 8 percent, confirming that cementation does not play a major role in porosity destruction. Reservoir quality is largely controlled by two separate and independent processes: grain size and compaction (fig. 13). At any given geographic location, porosity and permeability are mainly a function of grain size, which is determined by the sedimentary environment in which the detritus was deposited. From a regional perspective, porosity and permeability are reduced as the sediments, regardless of depositional environment, are buried to greater depths. Hence, there is a decrease in overall reservoir quality from north to south corresponding to greater amounts of burial and removed overburden. In areas that have not seen significant burial, such as in the vicinity of the Beaufort Sea, there is usually a large spread in porosity and permeability controlled almost exclusively by grain size. In areas that have undergone deep burial, such as in the vicinity of Brooks Range deformation front, the variability of porosity and permeability in any given core is reduced, being controlled by both grain size and compaction (fig. 13). 	Comment by mawartes: I’m fine with this figure and its labeling, but to be fair, those fields were developed prior to the widespread use of advanced stimulation techniques.  As such, what was a “non-reservoir” 20 years ago can now perfectly fine in the right development scenario.  In other words, the “line of death” has no doubt shifted . . .	Comment by mawartes: Are they independent? Seems like coarser sands are likely better winnowed and thus less sucesptible to COPL.	Comment by mawartes: Barrow Arch.
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Figure Captions	Comment by mawartes: I think the appendices each need a brief caption/title (for the table of contents).  Also, It would be helpful if each appendix had this same brief title at the top of the spreadsheet, much the same as the conventional tables do in the text. . . .
Figure 1. Google Earth satellite image showing the location of Wainwright and Barrow on the North Slope of Alaska.	Comment by mawartes: Could benefit from an inset location map showing the state of Alaska
Figure 2. Static image of rotating plot used to assign samples to one of four petrofacies. Variables are thin-section porosity (%), grain size (mm), and chert content (%). The cemented sandstones are excluded from this plot and assigned to a fifth petrofacies. This plot, which is fully rotatable in the Data Desk environment, provides an intuitive means to investigate relationships among three variables without using statistical analyses. Typically the plot is rotated in all three dimensions until maximum separation is obtained among the samples, at which point they can be assigned to individual groups.
Figure 3. Ternary diagrams showing composition of Tertiary and Mesozoic sandstones. The data were obtained via the traditional point-counting method in which phaneritic rock fragments are classified as the appropriate lithology (for example, granite, diorite, gabbro, gneiss). See table 4 for explanation of grain and intergranular parameters used in the diagrams. (A) QtFL diagram; most samples plot in the litharenite, feldspathic litharenite, and lithic arkose fields of Folk (1974). Chert is apportioned to the Qt pole, resulting in samples grouping closer to that pole. (B) QmFLt diagram; all samples plot in the litharenite and feldspathic litharenite fields of Folk (1974). Chert is apportioned to the Lt pole, resulting in a wide data spread with coarser-grained samples closer to that pole and siltstones closer to the Qm pole. (C) QmPK diagram; the siltstones contain more monocrystalline quartz and therefore plot closer to the Qm pole. Most samples contain slightly more plagioclase than K-feldspar. (D) QpLvmLsm diagram; all samples plot along the Qp–Lsm join, indicating a relative paucity of volcanic and metavolcanic detritus. (E) LsLvLm diagram; the lithic population of all samples consists largely of sedimentary rock fragments (SRF). This trend is partially due to the inclusion of chert with the SRFs. (F) ΦCM diagram; the siltstones are enriched in matrix, resulting in poor reservoir quality. The medium- and fine-grained sandstones are most porous; the two cemented sandstones lack any thin-section porosity. 
Figure 4. Cumulative probability plots of grain size by petrofacies. Sediment with a normal (Gaussian) distribution plot as a straight line; right-directed tails indicate abundant matrix (both silt and clay). The value of the 50th percentile indicates median grain size, while the slope of the line indicates sorting.
Figure 5. Photomicrographs of siltstone petrofacies; sample from 1,160.3 ft. (A) General view of siltstone, showing an abundance of detrital clay (yellow arrows). Plane-polarized light. (B) Same view as A. Crossed polars. (C) Detailed view of siltstone in which the framework fraction consists largely of monocrystalline quartz (q). Plane-polarized light. (D) Same view as C. Crossed polars.
Figure 6. Photomicrographs of very-fine-grained sandstone petrofacies; sample from 1,072.1 ft. (A) General view, showing a moderately compacted framework lacking significant cements. Plane-polarized light. (B) Same view as A. Crossed polars. (C) Detailed view of sandstone, showing abundance of monocrystalline quartz (q). Plane-polarized light. (D) Same view as C. Note detrital carbonate grains (dc). Crossed polars.
Figure 7. Photomicrographs of fine-grained sandstone petrofacies; sample from 654.15 ft. (A) General view, showing abundance of quartz (q), K-feldspar (k), and chert (ch), which is best seen under crossed polars. Intergranular pores shown by φ. Plane-polarized light. (B) Same view as A, showing abundant chert grains (ch). Crossed polars. (C) Detailed view, showing common intergranular pores (φ). Note detrital K-feldspar (k). Plane-polarized light. (D) Same view as C. Crossed polars.
Figure 8. Photomicrographs of medium-grained sandstone petrofacies; sample from 1,128.1 ft. (A) General view showing extensive intergranular porosity (φ). Plane-polarized light. (B) Same view as A, showing chert (ch) is the dominant framework component. Crossed polars. (C) Detailed view, showing authigenic kaolinite (ka) filling pore between grains of chert (ch) and K-feldspar (k). Plane-polarized light. (D) Same view as C; note chert (ch) and detrital carbonate (dc). Crossed polars.
Figure 9. Photomicrographs of carbonate-cemented sandstone petrofacies; sample from 335.0 ft. (A) General view showing extensive ankerite (a) cement. An intergranular volume (IGV) approaching 45 percent suggests that cementation occurred shortly after deposition and prior to significant burial. Plane-polarized light. (B) Same view as A. Crossed polars. (C) Detailed view, showing irregular edges of grains (blue arrow), suggesting some grain replacement might have occurred. Plane-polarized light. (D) Same view as C. Crossed polars.
Figure 10. Porosity–permeability cross plot showing reservoir quality of Wainwright and regional Nanushuk sandstones included in this report. Of the non-cemented rocks, the medium- and fine-grained sandstones have the best reservoir quality (very good to excellent) while the siltstones have the poorest (moderately poor to poor). The carbonate-cemented rocks have negligible reservoir quality.
Figure 11. Cross plots of grain size in phi (φ) versus several petrophysical and compositional parameters. Because grain size is given in phi (φ), which is defined as −log2(grain sizemm), a positive correlation between variables (permeability increases with increasing grain size) is actually reported as a negative value of the Pearson product–moment correlation coefficient (r). Likewise, to best display a linear relationship between variables, the ordinate (y-axis) is commonly displayed with a logarithmic scale. (A) Porosity–grain-size plot showing the well-developed relationship between the two variables (r = −0.93) for the Wainwright samples. The regional Nanushuk sandstones do not show as good a correlation largely because they have been subjected to deeper burial. (B) Permeability–grain-size plot shows a similar very good correlation between the two variables that is not shared by the regional Nanushuk sandstones. (C) Chert–grain-size plot showing very good correlation for both the Wainwright and regional samples. Chert preferentially resides in the coarser fraction of the detritus. (D) Volcanic rock fragments (VRF)–grain-size plot showing good correlation for Wainwright and regional samples. (E) Monocrystalline quartz (Qm)–grain-size plot, showing good correlation for the Wainwright and regional sandstones. Wainwright siltstones have lower quartz content due to dilution by abundant detrital clay.
Figure 12. Contoured map of the central North Slope of Alaska, showing estimates of the amount of Brookian strata removed by erosion (in feet). Red circle shows the location of the Wainwright #1 test well; yellow circles show locations of 26 wells for which data are included in scatter and ternary plots (see table 3 for list). The large arrow shows the regional trend of increasing amounts of erosion to the south. Contours were generated from the data of Burns and others (2005) using the GeoAtlas mapping module of GeoGraphix (minimum curvature algorithm with smallest feature radius of 50,000 ft and radius of influence of 1,000,000 ft).
Figure 13. Cross plot of porosity versus maximum burial depth (Dmax) for the Wainwright and regional Nanushuk siltstones and sandstones. The Wainwright samples have Dmax values ranging from 4,381 to 5,701 ft, while most of the regional Nanushuk samples were buried to greater depths (Dmax > 6,000 ft). The arrows point out the two major controls on Nanushuk reservoir quality: Grain size and compaction. At any given value of Dmax, reservoir quality is largely controlled by grain size, which is a proxy for environment of deposition. At the regional scale, compaction has a significant effect on reservoir quality.
Figure 14. Porosity–Framework–Cement (Φ–F–C) ternary diagram showing reservoir quality of the Wainwright and regional Nanushuk siltstones and sandstones. The Wainwright siltstones plot in the “compacted non-reservoir” area of the diagram while most of the Wainwright sandstones plot in the “compacted reservoir” field. The regional Nanushuk sandstones plot mainly in the “compacted non-reservoir” and “compacted reservoir” fields, although a few are in the “preserved reservoir” and “cemented non-reservoir” fields. This confirms that porosity loss in Nanushuk sandstones is dominantly through compaction. Diagram modified from Franks and Lee (1994); used with permission.
Figure 15. Cross plot of compactional porosity loss versus cementational porosity loss for Wainwright and regional Nanushuk siltstones and sandstones. Samples with cementational porosity loss greater than 45 percent (Wainwright #1, 181.9 ft.) are arbitrarily set to the assumed maximum intergranular volume of 45 percent. The diagonal line (1:1) represents equal porosity loss by compaction and cementation. Most of the porosity loss in all samples was through compaction. Diagram modified from Lundegard (1992).


Table 1.	Comment by mawartes: Random though on Table 1t:  The PP-M correlation chart is more than I can visually absorb.  I wonder if there’s a way to color shade(?) the cells by value bins, such that the reader can see at a glance which of the correlations are significant.

Probably more work than its worth, but would help me appreciate that table more quickly . . .
Table 2. Relationship between facies and petrofacies.
	
	Sedimentologic Facies

	
	Slf
	Slm
	Sx
	Sm
	Sr
	Scb
	SFh
	Fm
	Total

	Petrofacies
	Cemented sandstone
	0
	0
	0
	1
	1
	0
	0
	0
	2

	
	Siltstone
	1
	0
	0
	0
	3
	3
	0
	2
	9

	
	Very-fine sandstone
	9
	0
	0
	0
	5
	0
	2
	0
	16

	
	Fine sandstone
	2
	12
	4
	3
	0
	0
	0
	0
	21

	
	Medium sandstone
	0
	3
	0
	0
	0
	0
	0
	0
	3

	
	Total
	11
	15
	4
	3
	10
	3
	2
	3
	51




Table 3. Wells for which data are included in scatter and ternary plots. Erosion estimates in feet.	Comment by mawartes: I assume these estimates are from Burns etal?  If so, need to cite that source. . .
	Number
	Operator
	Well
	API
	Top Zone
	Base Zone
	N
	Erosion

	1
	U.S. Navy
	Barrow Core Test 1
	50023100050000
	169.0
	194.0
	6
	2,725

	2
	Arco
	Big Bend 1
	50287200110000
	1,100.0
	2830.0
	9
	8,002

	3
	BP
	Ekvik 1
	50287200090000
	4,759.0
	4894.0
	72
	3,020

	4
	Husky
	E Simpson 2
	50279200070000
	2,387.0
	2398.0
	9
	1,785

	5
	U.S. Navy
	Fish Ck 1
	50103100010000
	2,970.6
	3032.9
	5
	1,103

	6
	U.S. Navy
	Grandstand 1
	50057100010000
	227.5
	1068.0
	22
	8,084

	7
	Arco
	Hunter A
	50103204050000
	3,625.0
	3652.0
	7
	2,068

	8
	Husky
	Inigok 1
	50279200030000
	2,632.0
	3081.9
	7
	3,223

	9
	U.S. Navy
	Knifeblade 1
	50119100120000
	312.0
	1490.0
	6
	6,777

	10
	BP
	Kuparuk Unit 1
	50287100180000
	5,529.0
	5920.0
	9
	7,090

	11
	Sinclair
	Little Twist Unit 1
	50287100220000
	942.0
	3609.0
	4
	8,895

	12
	U.S. Navy
	Meade 1
	50163100020000
	1,795.0
	2950.0
	2
	4,560

	13
	U.S. Navy
	Oumalik Test 1
	50119100050000
	916.0
	2758.3
	17
	4,711

	14
	Husky
	Seabee 1
	50287200070000
	270.0
	2110.0
	7
	6,564

	15
	BP
	Trailblazer A1
	50103203640000
	2,972.0
	3454.0
	4
	1,402

	16
	BP
	Trailblazer H1
	50103203690000
	2,760.0
	3090.0
	3
	1,525

	17
	U.S. Navy
	Topagoruk 1
	50279100330000
	302.0
	2097.0
	10
	2,748

	18
	Texaco
	Tulugak 1
	50057200010000
	1,700.0
	2510.0
	3
	8,030

	19
	Husky
	Tunalik 1
	50301200010000
	3,288.0
	5560.6
	2
	3,036

	20
	U.S. Navy
	Umiat Test 11
	50287100110000
	2,048.0
	2992.0
	37
	6,301

	21
	U.S. Navy
	Umiat Test 1
	50287100010000
	1,335.0
	2996.0
	6
	6,614

	22
	U.S. Navy
	Umiat Test 2
	50287100020000
	413.0
	969.0
	4
	6,469

	23
	U.S. Navy
	Umiat Test 7
	50287100070000
	834.0
	1370.0
	5
	6,543

	24
	U.S. Navy
	Umiat Test 8
	50287100080000
	507.0
	711.0
	2
	6,374

	25
	U.S. Navy
	Wolf Ck 2
	50119100090000
	2,511.0
	3520.0
	20
	7,071

	26
	U.S. Navy
	Wolf Ck 3
	50119100100000
	1,660.0
	2362.0
	17
	7,191






Table 4. Classification of grain and intergranular parameters.
A.	Quartzose grains
	Qm = Monocrystalline quartz
	Qp = Polycrystalline quartz (including chert)
	Qt = Total quartzose grains (Qm + Qp + chert)
B.	Feldspar grains
	P = Plagioclase
	K = Potassium feldspar
	F = Total feldspar grains (P + K)
C.	Lithic grains
	Ls = Sedimentary rock fragments (including chert)
	Lv = Volcanic rock fragments
	Lm = Metamorphic rock fragments
	Lp = Plutonic rock fragments
	Lsm = Sedimentary and metasedimentary rock fragments
	Lvm = Volcanic and metavolcanic rock fragments
	L = Lithic grains (Ls + Lv + Lm + Lp)
	Lt = Total lithic grains (L + Qp)
D.	Intergranular components
	Φ = Total porosity
	C = Total cement
	M = Matrix + clay laminae/burrows
7
