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Abstract

The potential for carbon storage and enhanced gas recovery in the Middle Devonian Marcellus and Upper Ordovician Utica organic-rich shales
in the Appalachian Basin is being investigated using methods developed during investigation of the Upper Devonian Ohio Shale. Laboratory
analysis of core and well cuttings provides baseline data for modeling TOC content in shale. In general, continuous resource plays exhibit
relationships between measured TOC and wireline log data. TOC is in turn related to gas content and storage capacity. Wireline-based
petrophysical models for estimating TOC have been proposed by many authors, but choice and application of a model depends on data
availability. Only those based on total gamma-ray and bulk-density log data were used in this study, because they are most regionally available.

For the Marcellus, multiple models were analyzed to estimate TOC from log data. The simplest model for estimating TOC is a linear regression
of a density and TOC cross plot based on laboratory data because TOC is generally regarded as the main control on density changes in an
organic-rich shale. Gamma-ray- and density-based models use the slope of the gamma ray—density cross plot. A median TOC curve (P50) was
calculated using multiple models to provide a probabilistic summary of TOC by well, which was used as input to geospatial modeling.

The Utica Shale was deposited in a carbonate-dominated open-marine shelf setting, suggesting that organic matter types and their mode of
preservation differ significantly from those of the Marcellus. Classic models to estimate TOC for organic-rich shale may not provide acceptable
results. Laboratory TOC and digital well-log data were compiled by the Utica Shale Consortium. Leco TOC data were depth-matched with
gamma-ray and bulk-density data from logs. Neutron-porosity and photoelectric effect data were collected, but limited digital data precluded
their use. Gamma-ray and density data were used to assess existing TOC models and formulate new ones. Two new models for calculating
TOC from well-log data are proposed based on best-fit correlations to the distribution of laboratory TOC data.


mailto:bnuttall@uky.edu

Selected References

Godec, M. L., 2013a, Volume 2, Basin-level characterization of enhanced gas recovery and CO- storage potential in the Marcellus Shale,
inGodec, M. L., ed., Assessment of factors influencing effective CO; storage capacity and injectivity in eastern gas shales: final technical
report: Arlington, Virginia, Advanced Resources International, Inc., U.S. DOE award DE-FE0004633, 66 p.

Godec, M. L., 2013b, Volume 3, Basin-level characterization of enhanced gas recovery and CO; storage potential in the Utica Shale, inGodec,
M. L., ed., Assessment of factors influencing effective CO; storage capacity and injectivity in eastern gas shales: final technical report:
Arlington, Virginia, Advanced Resources International, Inc., U.S. DOE award DE-FE0004633, 63 p.

Heidari, Z., and Torres-Verdin, C., 2013, Inversion-based method for estimating total organic carbon and porosity and for diagnosing mineral
constituents from multiple well logs in shale-gas formations: Interpretation, v. 1, p. T113-T123.

Herron, S. L., 1991, In situ evaluation of potential source rocks by wireline logs: in Merrill, R. K., ed., Treatise of petroleum geology:
Handbook of petroleum geology, source and migration processes and evaluation techniques: Tulsa, Oklahoma, AAPG, p. 127-134.

Meyer, B. L., and Nederlof, M. H., 1984, Identification of Source Rocks on Wireline Logs by Density/Resistivity and Sonic Transit
Time/Resistivity Crossplots: AAPG Bulletin, v. 68, p. 121-129.

Passey, Q. R., Creaney, S., Kulla, J. B., Moretti, F. J., and Stroud, J. D., 1990, A Practical Model for Organic Richness from Porosity and
Resistivity Logs: AAPG Bulletin, v. 74, p. 1777-1794.

Patchen, D. G., and K. M. Carter, eds., 2014, A Geologic Play Book for Utica Shale Appalachian Basin Exploration, Final Report:
Morgantown, WV, West Virginia University Research Corporation, 177 p. http://www.wvgs.wvnet.edu/utica/playbook/pb_consortium.aspx

Schmoker, J. W., 1979, Determination of Organic Content of Appalachian Devonian Shales from Formation-Density Logs: AAPG Bulletin, v.
63, p. 1504-1537.

Schmoker, J. W., 1981, Determination of Organic-Matter Content of Appalachian Devonian Shales from Gamma-Ray Logs: AAPG Bulletin, v.
65, p. 1285-1298.

Schmoker, J. W., 1993, Use of formation-density logs to determine organic-carbon content in Devonian shales of the western Appalachian
Basin and an additional example based on the Bakken Formation of the Williston Basin: in Roen, J. B. , and Kepferle, R. C., eds., Petroleum
geology of the Devonian and Mississippian black shale of eastern North America, U. S. Geological Survey Bulletin 1909, U.S. Government
Printing Office, p. J1-J14.


http://www.wvgs.wvnet.edu/utica/playbook/pb_consortium.aspx

Wang, G., Shahkarami, A., and Bruno, J., 2016, TOC Prediction Analysis of Utica-Point Pleasant Formations in the Appalachian Basin: Search
and Discovery #51283, Accessed on February 2, 2019,

Zhao, P., Z. Mao, Z. Huang, and C. Zhang, 2016, A new method for estimating total organic carbon content from well logs: AAPG Bulletin, v.
100, p. 1311-1327.


http://www.searchanddiscovery.com/documents/2016/51283shahkarami/ndx_shahkarami.pdf
http://www.searchanddiscovery.com/documents/2016/51283shahkarami/ndx_shahkarami.pdf

Explorations in TOC Assessment of CO,
Storage and Enhanced Gas Recovery for the
Middle Devonian Marcellus and Upper
Ordovician Utica Shales

Brandon C. Nuttall, Thomas N. Sparks, &
Stephen F. Greb (speaker)
Kentucky Geological Survey
g

Eastern Section AAPG, Pittsburgh, PA
MRCSP

MIDWEST REGIONAL October 9, 2018

CARBON SEQUESTRATION
PARTNERSHIP

@iﬂ% Kentucky
Geological Survey


Presenter
Presentation Notes
Understanding the distribution of organic matter in organic-rich, unconventional resource plays is a key to developing estimates for the potential to store CO2 in those units. The focus of this talk is modeling organic matter content, TOC, of the Middle Devonian Marcellus shale and the Upper Ordovician Utica and Point Pleasant shale intervals. This study is part of ongoing research by the Midwest Regional Carbon Sequestration Partnership led by Battelle. I’d like to acknowledge my co-workers Brandon Nuttall (who conducted the analysis and prepared this presentation; he’s sorry he couldn’t be here today), and Tom Sparks  (who worked diligently on the mapping and volumetric analyses), also thanks to the MRCSP GeoTeam members from the different states that contributed data


TOC from Wireline Logs
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Presentation Notes
Laboratory-measured TOC data are relatively sparse. Simple trend surface analysis can be used to map TOC, but such maps provide minimal information about the 3D variations of TOC within the units of interest. There are many more wells with geophysical logs than with lab analyses and petrophysical methods have been developed to infer TOC from log data. Most of these methods were developed by matching laboratory data with selected well-log curves. Curves that have been used in modeling TOC include <point to and read list from slide>…


Availability in Digital Format (LAS)
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Presentation Notes
Unfortunately many of the curves are not available in historic wells. Either the curves weren’t run or weren’t digitized. Some, like resistivity, conductivity, and induction usually depend on drilling fluids to provide electrical continuity with the rock material. Many legacy wells were only logged in conventional reservoirs. Most digital well logs available today are derived from scanned images of paper logs. Some curves are too difficult to digitize. Hence, for reasons of availability and practicality, we used models based on gamma ray and density logs for this study.


Basic Petrophysical Observations

*Given relatively 1. OM tends to
constant concentrate U, K,
- Lithology Th
(mineralogy) 2. Density is a
* Porosity function of TOC
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Presentation Notes
Petrophysical models for TOC estimation assume a lithology model that when combined with porosity and pore fluid information provides a relationship to organic matter. Organic matter tends to concentrate and preserve uranium, potassium, and thorium which leads to the higher gamma-ray values. Organic matter also has a low density with respect to other matrix components, approximately 1 gram per cubic centimeter, so that for a given lithology model, an increase in organic matter tends more or less to lower the observed density.


26816 Samples for 18 out of 9031 Wiellz

Organic matter

* TOC from well logs

* Density (Schmoker, 1979 &
1993)

« Gamma ray (Schmoker,
1981)

* Shale density is a
function of:
« Matrix mineralogy
* Pores
: - Pyrite
T T R R - Organic matter
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Presenter
Presentation Notes
Schmoker (1979 and 1993) published a commonly used model that assumes shale density is a mixture of four primary components <point to the 4 components..matrix, etc.>. The basis for density-based models is illustrated by this crossplot that shows the effect of TOC on gamma ray and density. On this chart <point to each: black points =black shale, gray points = gray shale, and yellow points are sandstone>Several model parameters can be determined:
GRmin is the minimum gamma ray intensity of gray shale (gray dots=gray shale) with no organic matter (cutoff 180 API)
Rhomax is the maximum density of those gray shales (=2.758 g/cc)
A is the slope of the gamma ray vs density cross plot

These parameters vary between wells and across regions.





Middle Devonian Marcellus

*Fissile
*Gray to black
* Fractured
*Organic-rich
 Clastic

* Quartz

* Clay
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Presentation Notes
To the rocks: the Middle Devonian Marcellus is a fissile, gray to black, fractured, organic-rich shale dominated by clastic components, primarily quartz and clay. Like the previously studied Ohio Shale, the Marcellus accumulated in an epicontinental sea with dysoxic to anoxic bottom water conditions that both preserved the organic matter and contributed to pyrite formation. 
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Presentation Notes
Digital data in Log ASCII Standard (LAS) format are available from 813 wells in the Marcellus play. Most of the available data are in New York and Pennsylvania. Wells with valid gamma ray and density traces across the Marcellus were selected from these data. 


Rock-Eval and Laboratory Data
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Presentation Notes
A separate Pennsylvania Marcellus databook includes Rock-Eval pyrolysis, Leco TOC, and laboratory bulk density data from drill cuttings and cores for 129 wells. Some wells included multiple analyses resulting in a total sample size of 219 data points. This plot shows a strong linear relationship between TOC and density. The least squares linear regression fit of these data provide a model that can be used in the analysis of open hole logging suites.
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Four models were selected and applied to the Marcellus Shale interval. 
The Schmoker model was developed using primarily the Upper Devonian Ohio Shale in the Appalachian Basin.
TOCmod is a modified Schmoker model, the result of applying the Excel linear solver to minimize the root mean square error between actual and calculated TOC values.
TOC_linreg is the least squares linear regression model based on the data in the Pennsylvania Marcellus databook.
TOC_GR, is Schmoker’s gamma ray model where “A” is slope of GR-Density cross plot (Schmoker, 1981) as shown in a previous slide


Marcellus Digital Data Review
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Presentation Notes
When gamma ray and density data cross plots from available well logs were reviewed, many show the expected moderate to strong linear response related to varying TOC content. In some cases, the gamma ray trace is clipped at the right edge of the track on the printed log (row of values at 400 API units, upper right chart). These clipped values, washouts (identified as a spike of unexpectedly low density values), and incorrectly digitized curves lead to invalid data and outliers and are not representative of the relationships being assessed. There should not be a one to one correspondence between gamma ray and density as in the chart on the lower left.


Log Data Checks
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Presentation Notes
In this well for example, the gamma ray was clipped at 300 API units (red highlighted values). 
CLICK
<point to charts: Those clipped data, red highlights, result in outliers on the gamma-ray density cross plot.>
The clipped points were dropped and the slope of the gamma ray—density cross plot, Schmoker’s “A” value, was determined using least squares regression of the remaining data points. Where correlation coefficients were statistically significant, that unique A value was used in the TOC calculations for the well. 
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Presentation Notes
Some logs show little to no correlation between gamma ray and density. For these wells, a default value for the Schmoker “A” parameter was set to the average slope value from those wells with statistically significant correlations.




Assume Default Slope, Schmoker “A”
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It is notable that the model based only on gamma ray data tends to result in a consistently higher TOC than other methods. This result was also observed by Godec in his study of the Marcellus (Godec, 2013a).
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Presenter
Presentation Notes
For each well, TOC curves were calculated for the Marcellus interval using the standard Schmoker (red), modified Schmoker (blue), linear regression (green), and gamma ray (magenta) models. A curve representing the median (50th percentile) of the models was then calculated for each depth point. The green dots highlighted in yellow on these charts are the Leco TOC data from laboratory analyses of samples collected in the well. These data show that for this well, the standard Schmoker (red) and gamma ray (magenta) models somewhat under- or overestimate the measured TOC. The P50 curve (black) appears more representative of the measured TOC. The “P50” curve was used for investigations into the geospatial distribution of TOC for the Marcellus.


Upper Ordovician Utica/Point Pleasant

*Light gray
 Thin interbedded

e Carbonate
* Shale

Low organic
content
* Fractured
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Presentation Notes
When considering the Upper Ordovician Utica and Point Pleasant intervals, its important to consider that not all organic-rich shales are the same. The Utica/Point Pleasant interval consists of thin interbedded carbonates and shale with a lower organic matter content then the Marcellus. Both the Utica and Point Pleasant are naturally fractured.


Utica Research Consortium Playbook

& v

« 340 with
TOC

*Includes
other
formations

ﬁi}% Kentucky
www.wvgs.wvnet.edu/utica/playbook/pb _consortium.aspx Geological Survey


Presenter
Presentation Notes
The Utica Research Consortium playbook can be downloaded from the web and contains data for more than 10,000 wells. (gray dots)

CLICK: 1,993 have digital well log data (yellow circles)

CLICK: and, 340 have laboratory TOC data (red diamonds). TOC data are available for formations other than the Utica and must be excluded. 
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Presentation Notes
The Utica Consortium collected data for multiple units across a multi-state area of the Appalachian Basin. The raw data set compiled from each individual state often used that state’s naming conventions. The first order of business was to resolve each state’s stratigraphic names into groups to facilitate analysis. A simplified stratigraphic nomenclature was selected to represent the Utica Consortium data. The grouped data are the 

CLICK: Kope (1), 

CLICK: Utica Shale (2), 

CLICK: Point Pleasant (3), 

CLICK: Lexington Limestone undifferentiated (4), 

CLICK: and Logana Member of the Lexington Limestone (5).


Upper Ordovician TOC Data Set
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Presentation Notes
For model assessment and development, data were selected for the Kope, Utica, and Point Pleasant formations. When filtered by these formations, the data set included information for 1,530 TOC and digital log observations in a total of 130 wells. Note that the median TOC for the Utica and Point Pleasant both exceeded the overall median TOC of 1.04 percent for the data set, which shows the influence of the less-organic rich Kope shales in the data set.
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The Utica Research Consortium data distribution also included TOC observations for the Logana Member of the Lexington Limestone. Those data indicate the organic matter content of the Logana is comparable to both the Utica and Point Pleasant, which is interesting. The Lexington and Logana data were not the focus of this investigation so were dropped from further consideration for this study, but perhaps the Logana should be researched further in the future? 
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Presentation Notes
For modeling, wells were selected where laboratory TOC data could be depth-matched to gamma ray and bulk-density from LAS files. Some TOC data lacked stratigraphic tags so units were assigned to those TOC data, based on the logs and available tops data. Visualization tools (like the chart above) were used to identify anomalous data (“outliers”) that were likely indicators of diverse factors that could adversely affect modeling such as washouts or errors in digitizing. Scripts were developed to aid identification of those types of problems in the data set.


Why a New Model for TOC in the Utica?
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Multiple models were gleaned from the literature, but it was soon determined that new TOC models were needed. Measured TOC data did not seem to optimally match model results. Initial TOC calculations were made using the classic Schmoker model (orange), the Marcellus linear regression model (green), and a linear regression model from Godec (2013b) (red). The distributions of residuals for these three models exhibit a consistent over-estimation of TOC as shown by their distinct negative shifts (to the left of the zero line), so different models for the Utica are suggested. 

Note:
The Godec (2013b) model differs only by a few least significant digits from a linear regression model in the Utica Consortium Final Report (2014); see All Wells, Appendix 5-A, active well regression, p. 20. The Godec model is used in this analysis.


On Model Optimization
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To optimize the predictive power of a model, either the coefficient of determination, R2, can be maximized or the root- mean-square error between the measured and calculated values can be minimized. Ideally in both cases, the difference between the measured and calculated values, the residuals, should cluster near zero and should exhibit a relatively narrow distribution. With a correlation coefficient of 0.88, this fit is illustrated by the residuals for the linear regression model derived earlier using TOC and laboratory density data for the Marcellus. Note that for a least-squares=linear regression, the correlation coefficient, r2, is computationally the same as the coefficient of determination, R2.


TOC and Digital Log Data TOC vs RhoB
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Cross plots were generated to examine data relationships. In the gamma ray-density and gamma ray vs TOC cross plots, no correlation coefficient, r, exceeded 0.2. The r values for the Utica and Point Pleasant in the density vs TOC cross plot indicate a weak to moderate correlation and are statistically significant for the Utica and Point Pleasant. Three assumptions then guide TOC modeling:
The Kope is a baseline unit with no significant organic content.
Gamma ray data show little response to changes in TOC.
TOC is some function of bulk density. 
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Several density-based models were tested. The target distribution of Leco TOC data collected by the Consortium is shown in black. The Schmoker (red) and Marcellus linear regression (yellow) models were developed for organic-rich, black shales. The Wang (blue) and Godec (green) models were developed specifically for the Utica. The shape of the model distributions, the relatively low coefficients of determination and relatively high root-mean-square errors suggest further optimization is possible.
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Wang (2016)
Godec (2013b)
Utica Consortium Final Report (Patchen and others, 2014, Appendix 5-A, active well regression, p. 20) reports a model that differs inconsequentially from Godec: TOC=(RhoB-2.697)/-0.0513
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The Schmoker and Wang models were modified by using a linear solver to minimize the root mean square error between the Leco and calculated TOC values. A multi-variate model using both density and gamma ray was developed with the train-test-split machine learning method for regression. The Theil-Sen model is a non-parametric linear regression based on determining the median of the slopes between all pairs of data points and is particularly insensitive to outliers. Based on model optimization metrics (R2 and RMSE), the new models seem to be better fits to the observed distribution of Leco TOC data for the Utica.


Narrowing the Choices

Distribution of Residuals

0.7
- :°:m°":er Mod) Difference between
= cnmoker (o] - -
o Marcellus 2R Multi-variate and
S Wang :::__-j'. Theil-Sen models is
9] = Wang (Mod) ' i a 0
."? — Godec . +/- 0.5%
(0] - - I -
€ 0.4- Multi-variate e
s - Theil-Sen
Q0.3
1
()]
A4
0.2
0.1
0.0 =1 1 ] T T
-10.0 -7.5 5.0 -2.5 0.0 2.5 5.0 7.5

Leco TOC % - Model %

10.0

 Overestimate
 Marcellus

 Underestimate
« Wang

 Rest
e +/-2.5%

L@i}% Kentucky
Geological Survey



Presenter
Presentation Notes
Ideally, the difference between Leco TOC and TOC calculated using a model should be zero. The Marcellus linear model (solid yellow) overestimates TOC and the Wang model (solid blue) underestimates TOC. For the remaining models, they typically yield a calculated TOC within plus or minus 2.5 percent of the Leco TOC. With generally low TOC values, this variation can be significant in the Utica and Point Pleasant interval. The multi-variate and Theil-Sen models have the lowest root mean square error and the highest coefficient of determination values. When the multi-variate and Theil-Sen models are compared, the TOC values calculated by these models typically differ from each other by plus or minus 0.5 percent or less.
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The derived models, in this case the multi-variate and Theil-Sen regression models, were used to estimate net thickness of the Utica and Point Pleasant zones with greater than a selected organic matter content. Both models here show additional details over a rectangular, or “stepped,” TOC curve derived by the Utica Research Consortium. Over the Utica and Point Pleasant interval, the new model curves are pretty much coincident, but there are departures from the laboratory data. This is because the models are based on a statistical best fit for the whole data set and not on an individual well basis.
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To wrap up, instead of mapping trend surfaces showing the distribution organic matter, maps analogous to porosity-thickness maps produced for conventional reservoirs can be generated. An isopach map of the net thickness of Marcellus with a TOC greater than or equal to four percent, for example, provides an improved volumetric distribution of TOC for further analysis.


For the Utica
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For the combined Utica and Point Pleasant intervals, a cutoff of 1.5 percent TOC was selected for volumetric analysis of the distribution of organic matter. 

CLICK

The best petrophysical models for analyzing the occurrence of organic matter in these units were found to be a multi-variate model using both gamma ray and density logs and a non-parametric linear regression model based on density alone.


To Conclude

* Multiple models for estimating TOC from borehole
logs are available but provide variable results
« A gamma ray model consistently overestimates TOC

* Models that work well for the Marcellus don’t
necessarily work for the Utica/Point Pleasant

* For the Utica, non-parametric and multi-variate
models can provide improvements over existing
models

* Maps developed can provide nuanced insights to
geospatial distribution of organic matter
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In conclusion:
Multiple models for estimating TOC from borehole logs are available but provide varying results. A gamma ray-based model seems to consistently over estimate the TOC. The median, 50th percentile, of these models was used for volumetric estimates in the Marcellus.
Models that work well for organic-rich black shales, like the Marcellus, don’t necessarily work well for interbedded carbonate and shale with low TOC, like the Utica and Point Pleasant.
For the Utica and Point Pleasant, non-parametric and multi-variate petrophysical models were developed that provide statistically relevant improvements over existing TOC models.
Maps developed using petrophysical models can provide nuanced insights to the geospatial distribution of organic matter that are not apparent with basic trend-surface mapping.


Future

 Re-evaluate Marcellus models
* Minimize RMSE
 Maximize R?

 Examine iterative techniques to better fit
selected model to individual wells
Linear solver on a per well basis
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When assessing TOC in the Marcellus, the models used were assumed to be equally relevant. In the future, the models could be evaluated to determine which one(s) might provide a better fit to laboratory-measured-TOC data. There might also be iterative, “feed back-based,” techniques like optimization and linear solvers that could be used to increase the goodness of fit for models on a per-well basis where both digital-well log- and laboratory-TOC data are available.
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Utica: Identifying Relationships
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Unlike the Marcellus, the Utica/Point Pleasant interval shows very weak relationships between Leco TOC and either density (RhoB) or gamma ray data from well logs. The “best” relationship is between density and TOC (yellow highlights), but the correlation is weak at best. Only one digital log included a neutron porosity (NPhi) curve and no photoelectric (PE) curves were available. It is postulated that were these data available, using the additional curves in the analysis could improve the calculations for predicting TOC.


TOC in Upper Ordovician Units

Toc pistribution Median
I === 50 prconti)
7. +0.40 — Kope
*1.04 — Overall
? oo « 1.09 — Utica Shale
N *1.64 — Point Pleasant

I I
0.0 2.0 4.0 6.0 8.0

Kentucky

KDE plot LIEI!:E Geological Survey



	nuttall_20181009_ESAAPG_TOC SearchDisc.pdf
	Explorations in TOC Assessment of CO2 Storage and Enhanced Gas Recovery for the Middle Devonian Marcellus and Upper Ordovician Utica Shales
	TOC from Wireline Logs
	Availability in Digital Format (LAS) 
	Basic Petrophysical Observations
	Slide Number 5
	Middle Devonian Marcellus
	Data Distribution for Marcellus:�813 LAS files
	Slide Number 8
	Slide Number 9
	Marcellus Digital Data Review
	Log Data Checks
	Assume Default Slope, Schmoker “A”
	Assume Default Slope, Schmoker “A”
	TOC Calculated from Logs
	Upper Ordovician Utica/Point Pleasant
	Utica Research Consortium Playbook
	Stratigraphic Nomenclature
	Upper Ordovician TOC Data Set
	An Observation for the Future?
	Approach to Utica TOC Modeling
	Why a New Model for TOC in the Utica?
	On Model Optimization
	TOC and Digital Log Data
	Slide Number 24
	New Models Tested
	Narrowing the Choices
	TOC Calculations
	For the Marcellus
	For the Utica
	To Conclude
	Future
	Slide Number 32
	Selected references:
	Selected references (cont.)
	Supplemental Slides
	Utica: Identifying Relationships
	TOC in Upper Ordovician Units


