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Abstract 
 

Determining the Efficacy of Magnetic Susceptibility as an Analytical Tool in the Middle 
Devonian Gas Bearing Shale of Taylor County, West Virginia 

 

John Baird 

 

 The magnetic susceptibility of two Middle Devonian shale units, the Mahantango 
Formation and Marcellus Shale, was recorded in order to determine if magnetic susceptibility 
could be used to predict (1) transgressive and regressive cycles, (2) brittleness, and (3) total 
organic content (TOC).  A core from Taylor County, West Virginia was selected for this purpose.   

Transgressive and regressive cycles were detected through variations of magnetic 
susceptibility values with maximum flooding surfaces indicated by troughs in the data and 
maximum regressive surfaces indicated by peaks.  A sequence stratigraphic framework based 
upon variations in gamma ray and density measurements was used to establish a standard to 
gauge the accuracy of predictions made through magnetic susceptibility.  It was found that the 
accuracy of the magnetic susceptibility method was similar to the gamma-density method in 
detecting a large 2nd order cycle, when both shale units were evaluated together.   When the 
units were evaluated separately, it was found that both methods detected the same 3rd order 
cycles.  However, within the Mahantango Formation the magnetic susceptibility method was 
more accurate recording 4th order cycles that the gamma-density method did not.  Conversely, 
within the Marcellus Shale, the gamma-density method was more accurate recording 4th order 
cycles that the magnetic susceptibility method did not.  It was concluded that the increased 
accuracy of the gamma-density method in the Marcellus shale was due to an increased 
sensitivity in the gamma ray and density logs as a response to the large amounts of TOC in the 
formation This increased sensitivity allowed for smaller variations to be more easily detected.  
The Mahantango Formation does not have large quantities of TOC.  This diminished the 
sensitivity of the gamma and density logs allowing for the magnetic susceptibility method to be 
more accurate. 

It was assumed that variations in brittleness are driven by transgressive and regressive 
cycles with ductile regions coinciding with maximum flooding surfaces and brittle regions 
coinciding with maximum regressive surfaces.  Since magnetic susceptibility is also linked to 
transgressive and regressive cycles, it was expected that the sequence stratigraphy established 
previously could be linked to brittle and ductile couplets.  The sequence stratigraphy 
established with the gamma-density method was also tested.  Two methods of calculating a 
brittleness index were used to establish a baseline to test against.  The first was based upon 
mineralogy and the second was based upon elastic properties.  The brittleness index based 
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upon mineralogy compared well to 3rd order transgressive and regressive cycle detected by 
both methods.  Magnetic susceptibility failed to detect 4th order cycles within the Marcellus 
Shale, but detected 4th order cycles in the Mahantango Formation that mineralogy and elastic 
properties missed.  The brittleness index based upon mineralogy aligns better with the 
sequence stratigraphy produced by the magnetic susceptibility method than with the gamma-
density method.  The brittleness index produced by elastic properties did not correlate with 
either method.  Further, the brittleness index produced with elastic properties did not even 
correlate with the brittleness index produced by mineralogy.  This disagreement cast doubt 
upon the effectiveness of both brittleness indices. 

  The relationship between magnetic susceptibility and TOC was tested along with the 
three most common wireline techniques in order to determine which, if any, were superior.  All 
were judged in comparison to TOC derived from the core using Rock-Eval pyrolysis.  The 
methods tested were: Schmoker’s 1983 density equation, Schmoker’s 1993 density equation, 
and the ΔlogR method.  It was found that both the magnetic susceptibility of the whole rock 
and the magnetic susceptibility of its isolated kerogen component correlated better with core 
TOC values than any of the methods tested.  The accuracy of the magnetic susceptibility of the 
whole rock was within the same order of magnitude as the other methods, and the accuracy of 
the magnetic susceptibility of the isolated kerogen component was an order of magnitude 
higher.  In addition, evidence was found that links the magnetic susceptibility of kerogen within 
the two units to the composition of the kerogen.  Vitrinite reflectance data confirms that 
variations in the magnetic susceptibility of the kerogen was not caused by variations in 
maturity.  A very strong logarithmic relationship was found between the magnetic susceptibility 
of kerogen and the weight percent present.  Using the hypothesis that variations in the amount 
of organic material present is linked to episodic algal blooms, it was concluded that the organic 
material supplied by these blooms significantly lowered the magnetic susceptibility of the 
organic sediment supplied during the normal habitat of the basin.



iv 
 

 

Contents  
Abstract ............................................................................................................................................ii 

Introduction .................................................................................................................................... 1 

Geologic Background ................................................................................................................... 1 

Magnetic Susceptibility ............................................................................................................... 2 

Sequence Stratigraphy................................................................................................................. 4 

Dataset ............................................................................................................................................ 9 

Methods .......................................................................................................................................... 9 

Magnetic Susceptibility ............................................................................................................... 9 

Sequence Stratigraphy............................................................................................................... 12 

Brittleness .................................................................................................................................. 14 

Organic Carbon .......................................................................................................................... 15 

Results ........................................................................................................................................... 17 

Sequence Stratigraphy............................................................................................................... 17 

Brittleness .................................................................................................................................. 21 

Organic Carbon .......................................................................................................................... 32 

Discussion...................................................................................................................................... 40 

Sequence Stratigraphy............................................................................................................... 40 

Brittleness .................................................................................................................................. 40 

Organic Carbon .......................................................................................................................... 42 

Conclusions ................................................................................................................................... 43 

References Cited ........................................................................................................................... 46 

Appendix ....................................................................................................................................... 49 



1 
 

Introduction 
 

Geologic Background 

The study area in Taylor County, West Virginia is located in the north-central part of the state 

and is within the Appalachian basin (Figure 1).  The Middle Devonian shale units are contained 

within the Hamilton Group and consist of the Marcellus Shale and Mahantango Formation 

(Figure 2).  The Hamilton Group was deposited in a restricted foreland basin formed by down 

warping of the lithosphere due to isostatic compensation during the formation of a mountain 

chain during the Acadian orogeny (Castle, 2001).  At the time of orogeny, the area was located 

near the equator with the mountain range running east-west and the basin to the north.  Due 

to its location, easterly trade winds are interpreted to be blocked from the south creating an 

orographic effect to the north resulting in sediment starvation (Ettensohn and Barron, 1981).  

When sediment starvation is coupled with high rates of organic production, large amounts of 

Figure 1.  Extent of the Devonian shale in the 
Appalachian basin and location of the study area. 
Modified from Milici & Swezey, (2006). 

Figure 2.  
Stratigraphic 
column of the 
Middle Devonian in 
the northern 
Appalachian basin.  
Shale units consist 
of the Mahantango 
Formation and 
Marcellus shale.  
After Milici and 
Swezey (2006). 
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organic carbon can be preserved.  

Magnetic Susceptibility 

Magnetic susceptibility is a measure of how easily or difficult it is to magnetize a 

substance.  The susceptibility of a material can be measured by the introduction of a magnetic 

field.  This field affects the way electrons spin and therefore alters the direction of the magnetic 

field they produce.  This induced change in the magnetic field in turn affects the applied field 

and it is this change that is measured (Ellwood, 2000).   The event is expressed as a ratio: 

𝜅 =
𝑀

𝐻
 

Where M is the induced magnetic field expressed in amperes/meter, H is the applied magnetic 

field expressed in amperes/meter, and κ (Kappa) is the resulting dimensionless measure of 

volume susceptibility and expressed as SI (Rochette, 1992).   

 When a substance has unpaired electrons in the valence shell, their spins are 

unrestricted.  This allows the electrons to alter their spins to align with the applied magnetic 

field (H).  When this occurs, the induced field (M) increases the strength of the applied field and 

produces a positive susceptibility value (Figure 3).  When the valence shell is full, magnetic 

fields produced by each electron pair are canceled due to their opposing spins.  This restricts 

the electrons from aligning to an applied field.  When a field is applied, the push and pull of 

these opposing fields weakens the applied field and produces a low or even negative 

susceptibility value (Figure 4).  The same effect can also be caused by multiple layers of full 

shells below the valence shell. 
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Minerals are placed into three categories based upon their susceptibility to magnetism.  

Those minerals that are the most susceptible are ferromagnetic minerals.  Ferromagnetic 

minerals can produce an induced field (M) 1000 times greater than the applied field (H) and are 

capable of permanent magnetization (Mulay, 1963).  The classic examples of ferromagnetic 

minerals are magnetite and hematite.  Most minerals are in the remaining two categories.  

Minerals that produce a positive susceptibility value, but do not exhibit permanent magnetism 

are paramagnetic.  These minerals typically contain iron.  Examples include pyroxenes, 

Figure 3.  Unpaired electron will alter their fields to align with the applied field.  When the direction 
of the induced field is the same as the applied field, the strength of the applied field is enhanced.  

Figure 4.  Paired electron spins are still altered by the applied field, but are not able to align with it.  
When the direction of the induced field does not align with the applied field, the strengt h of the 
applied field is reduced. 
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amphiboles, and biotite.  Minerals that produce a negative susceptibility value are diamagnetic.  

Examples include calcite, quartz, and halite.   

Sequence Stratigraphy 

The Devonian shale records a second order transgressive-regressive (T-R) sequence with 

the Marcellus shale displaying two 3rd order T-R sequences and at least one other 3rd order 

sequence in the Mahantango Formation (Lash and Engelder, 2009) (Figure 5).  A T-R sequence 

indicates the rise and fall of base level within the basin and is bounded by the maximum 

flooding surface (MFS) and maximum regressive surface (MRS).  The transgressive system tract 

(TST) records a rise in base level and fining-upward sequence in the form of increased gamma-

ray response and decreased density response.  It is capped at the MFS marking the point of the 

greatest rise of base level in the sequence.  The regressive systems tract (RST) records a fall in 

base level in the form of a coarsening upward sequence, decreased gamma-ray response and 

increased density response.  It is capped by the MRS. This is the furthest that base level fell in 

the sequence (Figure 5). 

Figure 5.  Sequence-stratigraphic 
intervals of the Marcellus Formation 
in south central New York.  
TST=transgressive systems tract; 
RST=regressive systems tract; 
MFS=maximum flooding surface; 
MRS=maximum regressive surface. 
(Lash & Engelder, 2011). 
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 Identifying sequences and sequence tracks aids hydrocarbon exploration due to a direct 

correlation between system tracts, organic-carbon levels, and rock mechanics (Slatt, 2014).  As 

a TST approaches a MFS, the organic carbon in a basin becomes more marine and less 

terrestrial.  This leads to more oil-prone type I and II kerogen deposition.  In addition, the area 

of deposition becomes more distant to terrigenous grain input, resulting in more organic 

carbon with respect to clastic material and a higher total organic carbon (TOC) percentage.  As 

water depth increases during the TST it creates more accommodation space, which allows for 

more deposition.  The deeper water restricts currents and therefore oxygen creating anoxic 

waters conducive to the preservation of organic carbon.  A direct correlation has been found 

between TSTs in marine source rocks and an increase of TOC (Creaney and Passey, 1993). 

In sedimentary rocks, magnetic susceptibility is typically controlled by the percentage of 

paramagnetic grains to diamagnetic grains.  Paramagnetic values are generally due to the iron 

content from terrigenous sediments (Nagata, 1961).   Paramagnetic sediments will generally be 

deposited closer to shore due to their iron content, while those sediments deposited further 

from shore will tend to contain less iron and be more diamagnetic.  The ratio of paramagnetic 

to diamagnetic grains in the rock can be controlled by erosion due to climate and/or changes in 

base level (Crick et al., 1997).  Since the basin is located in an orographic rain shadow, variations 

in magnetic susceptibility can be attributed to changes in base level.  It has been shown that, 

during changes in base level, the magnetic susceptibility of marine rocks decreases during 

transgression and increases during regression (Ellwood, 2001).  During a TST, the source of 

terrigenous grains is further away from the area of deposition.  This results in a lower 

percentage of paramagnetic to diamagnetic grains and lowers the magnetic susceptibility of the 

rock.  During a RST, the source of terrigenous grains is closer, resulting in a higher percentage of 

paramagnetic grains, and thus raises the magnetic susceptibility of the rock (Figure 6).   
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The relationship between magnetic susceptibility and T-R cycles has been demonstrated 

in the Devonian, Carboniferous, middle Permian, and Upper Cretaceous rocks in areas such as 

China (Zhang, 2000), Morocco and Bolivia (Ellwood, 2001), Alberta (Whalen and Day, 2008), 

Colorado (Ellwood, 2013a), and west Texas (Ellwood, 2013b).  Specifically magnetic 

susceptibility has been used to correlate global changes in sea level by comparing 

measurements from well documented and biostratigraphically controlled Devonian outcrops in 

Morocco and Spain to cuttings from a Bolivian well (Ellwood, 2001)(Figure 7).  The effectiveness 

of the technique has also been demonstrated on a biostratigraphically controlled section of 

Devonian carbonate in Alberta, Canada to a show details of events as small as the 4th order 

(Whalen & Day, 2008)(Figure 8).  Based upon these results, it was expected magnetic 

susceptibility could be a viable method to determine T-R cycles in the Middle Devonian of the 

Appalachian basin.  Magnetic susceptibility would be comparable to the traditional methods of 

using gamma and density logs and may be used to provide another line of evidence to help 

constrain depositional history.  

Figure 6.  Transgression and regression controls the distance between source area and area of 
deposition.  This distance controls the percentage of marine grains to terrestrial grains.  Modified 
from Catuneanu (2002). 

Decreasing Magnetic Susceptibility 

Increasing Magnetic Susceptibility 
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It has been advanced that T-R cycles can be related to brittleness in gas bearing shale 

formations (Slatt, 2014)(Figure 9).  It was expected that magnetic susceptibility could be 

correlated to the brittleness of the formation through these cycles.  Specifically, in the 

siliciclastic dominated Marcellus Shale, high susceptibility values would correlate to a high 

brittleness and low susceptibility values would correlate to a low brittleness.  The reasoning for 

this hypothesis is that, during a TST, the percentage of clays and organic carbon increase with 

respect to the more rigid terrigenous grains of quartz resulting in a more ductile rock as 

measured by a higher Poisson’s ratio and lower Young’s modulus.  The inverse was also 

Figure 8.  Biostratigraphically controlled Devonian carbonate in Alberta, Canada.  Magnetic 
susceptibility events (peaks and troughs) were correlated with TST-RST cycles (T-R Cycles) as well as 
ages derived from conodonts (Whalen and Day, 2008). 

Figure 7.  Magnetic susceptibility 
measurements on an outcrop in Morocco 
and well cuttings from Bolivia.  The ages 
listed are biostratigraphically controlled 
from the Moroccan outcrop (Ellwood, 
2001). 
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expected, that during a RST, the percentage of quartz would increase while clays and organic 

carbon decrease and that this would produces a more brittle rock with a lower Poisson’s ratio 

and higher Young’s modulus.  If however, it is a carbonate dominated play, a RST would 

increase the percentage of carbonates and produce a ductile rock.  This correlation between 

magnetic susceptibility and siliciclastic content could be helpful for hydrocarbon exploration as 

brittle rocks are easier to fracture, tend to create a more extensive fracture network, and keep 

fractures open for longer periods of time.  More ductile rocks tend to display opposing 

characteristics.  They are more difficult to fracture and create a less extensive fracture network 

that is more easily closed.  It was expected that, by studying the sequence stratigraphy, one 

would be better able to identify brittle and ductile couplets within the formation allowing the 

targeting of areas that will maximize fracture networks and increase hydrocarbon recovery. 

 

Figure 9.  The 1st order 
sequence (red dashed 
line) shows the 
tendency toward a 
more ductile rock 
during TST and brittle 
rock during RST.  This 
carries over to the 
parasequence scale 
(blue line).  Modified 
from Slatt and 
Abousleimann (2011). 
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Dataset 
 

The project centered on the Armstrong #1 well located in south-central Taylor County, West 

Virginia.  This well was drilled in 2009 by the Petroleum Development Corporation (PDC).  

Several full log suites were provided by PDC along with 225.5 ‘of 4 “core, core description, and 

laboratory data containing vitrinite reflectance and total organic carbon content. 

Methods 
 

The project was conducted in four phases.  The first phase was to determine the sequence 

stratigraphic framework of the well through conventional means.  The second phase was to 

measure the magnetic susceptibility of the core in order to determine and compare a sequence 

stratigraphic framework independent from the conventional sequence stratigraphic.   The third 

phase was to measure the brittleness of the formation using wireline logs and compare the 

results to the magnetic susceptibility and sequence stratigraphic frameworks to determine if a 

correlation exists.  The final phase was to determine total organic carbon (TOC) content using 

common wireline techniques, compare the results to the susceptibility data, and correlate both 

to TOC samples taken directly from the core and measured by pyrolysis. 

 

Magnetic Susceptibility 

The core was measured with a Heritage Geophysics SM-30 magnetic susceptibility meter.  The 

measurements were taken in intervals of 6 inches whenever possible (some sections of the core 

were missing).  The raw susceptibility measurements are located in the Appendix.  Susceptibility 

measurements were then loaded into IHS Petra™, a petrophysical analysis program to generate 

a magnetic susceptibility curve.  Since the susceptibility meter measures volume susceptibility 

(𝜅), mass susceptibility (χ) was calculated as the final curve to be consistent with previous 

literature using the following equation (Nagata, 1961): 

𝜒 =
𝜅

𝜌
 , 
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where ρ is the bulk density curve and χ is expressed in m3/kg.  While mass susceptibility is 

helpful as a standard when comparing results to previous and subsequent work, volume 

susceptibility can be used if the analysis only compares relative changes such as sequence 

stratigraphy, and the measurements are made on an object of uniform volume.  When volume 

susceptibility (κ) was compared to mass susceptibility (χ) on our uniform core, they were found 

to be practically identical with a correlation coefficient of 0.999 and standard error of 0.019 

(Figure 10).  Mass susceptibility values are most useful when comparing results from samples of 

differing volumes such as cuttings or if values are compared relative to mass such as values in 

weight percent.  

A variance test was also conducted to ensure the accuracy of the meter.  Volume 

susceptibility was measured on a core taken from the Coldstream 1MH well in Clearfield 

County, Pennsylvania, drilled by the Energy Corporation of America.  The tests were conducted 

at 3 locations on the core by taking 70 measurements each in the Marcellus shale at intervals of 

Figure 10.  When mass and volume susceptibility are compared, they present a near exact 
correlation. 
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~3 minutes between measurements.  It was found that repeated exposure of the core to a 

magnetic field produced a series of increasing susceptibility values. The time interval between 

measurements was used to provide a rest period to prevent a remnant magnetization of the 

samples.   The average variance between the three locations was 1.1x10-10 SI.   

 Raw mass susceptibility values were found useful in the Mahantango Formation, but 

were suppressed in the Marcellus Shale to such an extent that they were no longer useful 

(Figure 11).  This was true for both volume and mass susceptibility measurements.  It was 

determined that the suppression of the values was due to the kerogen content and that it 

would have to be factored out for the data to be useful.  Since kerogen is a mixture dependent 

upon local conditions, its composition and susceptibility varies.  Due to this, a value for kerogen 

was calculated by factoring out every other mineral in the matrix using: 

𝜒𝑘𝑒𝑟 =
𝜒𝑏−[(𝜒𝑃𝑦∗𝑊%𝑃𝑦)+(𝜒𝐼𝑙𝑙∗𝑊%𝐼𝑙𝑙)+(𝜒𝐷𝑜𝑙∗𝑊%𝐷𝑜𝑙)+(𝜒𝐶𝑎𝑙∗𝑊%𝐶𝑎𝑙)+(𝜒𝑄𝑧∗𝑊%𝑄𝑧)+(𝜒𝐵𝑎𝑟∗𝑊%𝐵𝑎𝑟)+(𝜒𝐶ℎ𝑙∗𝑊%𝐶ℎ𝑙)]

𝑊%𝐾𝑒𝑟
, 

where χ is mass susceptibility, W% is weight percent, Ker is kerogen, Py is pyrite, Ill is illite, Dol 

is dolomite, Cal is calcite, Qz is quartz, Bar is barite, Chl is chlorite, and χb is the mass 

susceptibility of the entire rock.  With the exception of illite, mass susceptibility measurements 

were made using laboratory hand samples and dividing the results by the density of the 

mineral.  The value for illite was taken from published data (Hunt, Banerjee, & Moskowitz, 

1995).  Once χKer was calculated, it was then subtracted from χb to produce usable data (Figure 

11).  It was found that the χKer value decreased logarithmically with depth. The best results were 

obtained by restricting the correction by depth and using only the mean χKer in that interval 

using: 

𝜒𝐶𝑜𝑟𝑟 = 𝜒𝑏 − (𝜒𝐴𝑣𝑔 ∗ 𝑊%𝐾𝑒𝑟), 

where 𝜒𝐴𝑣𝑔 is the mean mass susceptibility of kerogen for the interval.  A summation of mean 

χKer values is listed in Table 1. 

Once the susceptibility of kerogen was removed, the data were in a usable state.  The 

data still showed a decrease in value with depth, but also showed variation in the organic rich 

Marcellus Shale similar to the Mahantango Formation above.  The upper, middle, and lower 

Lower 

Marcellus 
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Marcellus Shale units were also easily recognized.  Variations in the data were then analyzed to 

determine T-R cycles.  MFSs were chosen at susceptibility minimums and MRSs were chosen at 

susceptibility maximums.  The resulting RSTs and TSTs fell between them.  These T-R cycles 

were later compared to T-R cycles derived from the gamma ray and formation density logs. 

Sequence Stratigraphy 

The first goal of determining the sequence stratigraphic framework of the Marcellus 

shale was to establish the stratigraphic tops of the Mahantango Formation, Marcellus Shale, 

and Onondaga Limestone (Figure 12).  This was accomplished using lithology, density and 

gamma ray logs.  The top of the Mahantango was picked at 7520’ based a decrease in gamma 

ray and drop in density corresponding to an increase in illite.  Above this mark, the percent of 

calcite gradually rose indicating the Tully Limestone above.  The top of the Marcellus was 

picked at 7646’ based upon a sharp decrease in gamma ray and corresponding decreases in 

illite and kerogen.  The Marcellus Shale was then subdivided into upper, middle, and lower 

members based upon lithology, gamma, and density.  The tops of each of these subdivisions are 

indicated by a sharp decrease in gamma and increase in density.  The top of the Onondaga 

Figure 11. (Left)  Variation in mass 
susceptibility is suppressed in the Marcellus 
shale due to kerogen content.  When the 
kerogen content is removed, the variation is 
more readily observed. 

 

Mahantango, upper

Mahantango, lower

Marcellus, upper

Marcellus, middle

Marcellus, lower

Mahantango and Marecellus

Mean Susceptibility Values by Formation
Mean Susceptibility of Kerogen (χavg)

421.1 (m3/kg)

24.0 (m3/kg)

10.9 (m3/kg)

4.8 (m3/kg)

118.0 (m3/kg)

203.4 (m3/kg)

Table 1. (Above)  Mean 𝜒𝐴𝑣𝑔 values by formation.  The values 

decrease logarithmically with depth.  The lower Mahantango 
was designated based upon an increase in gamma and the 
presence of kerogen (Figure, 11). 



13 
 

Limestone was picked at 7779’ based upon a sharp drop in gamma and increase in calcite. The 

lithology for the Armstrong #1 was based upon Elan curve suites (Figure 12). 

T-R cycles were then determined based upon wireline logs. The Middle Devonian shale 

formations of the Appalachian basin have been shown to encompass a 3rd order transgressive-

regressive sequences and are part of a larger 2nd order sequence (Figure 3) (Lash & Engelder, 

20011).  These sequences are bound by maximum regressive surfaces (MRS) and maximum 

flooding surfaces (MFS) that are indicated by inverse changes in the gamma and density logs.  

The MRS represents the lowest point of water depth, coincides with the formation tops, and 

the beginning of the transgressive systems tract (TST).  This decrease in depth results in an 

increase of calcite and decrease of illite and is indicated by a corresponding decrease in gamma 

ray curve and increase in density.  The MFS represents the highest point of water depth and the 

Figure 13.  The placement of 
formation tops was based upon 
variations in gamma (Track 1), 
density (Track 2), and lithology 
(Track 3).  

Figure 12.  The placement of 
formation tops was based upon 
variations in gamma (Track 1), 
density (Track 2), and lithology 
(Track 3).  
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beginning of the regressive systems tract (RST).  This results in an increase of illite and 

corresponding increase in gamma-ray values and decrease in density. 

Brittleness 

The geomechanics of the formation were then classified based upon a brittleness index (BI) 

using both elastic properties and mineralogy.  The brittleness index from mineralogy (BImin) was 

calculated with the following equation (Wang & Gale, 2009): 

𝐵𝐼𝑚𝑖𝑛 =
𝑄𝑧+𝐷𝑜𝑙

𝑄𝑧+𝐷𝑜𝑙+𝐶𝑎+𝐶𝑙𝑦+𝑇𝑂𝐶
 , 

where Qz is quartz, Dol is dolomite, Ca is calcite, Cly is clay and TOC in total organic carbon.   

The brittleness index based upon elastic properties (BIel) used Poison’s Ratio (E) and 

Young’s Modulus (ν).  These were calculated from the logs using the following equations: 

Poisson’s Ratio (Ε) 

𝛦 =
[0.5∗(

𝐷𝑇𝑆
𝐷𝑇𝐶

)
2

−1]

[(
𝐷𝑇𝑆
𝐷𝑇𝐶

)
2

−1]

 , and 

Young’s Modulus (ν) 

𝑁 =
13400𝜌

𝐷𝑇𝑆
2  

𝜈 = 2𝑁(1 + 𝐸)  , 

where 𝐷𝑇𝑆 is the sonic shear log, 𝐷𝑇𝐶  is the sonic compression log, N is the shear modulus, and 

ρ is density.  The brittleness index was determined from the following equations (Perez & 

Marfurt, 2013): 

𝜈𝐵𝑟𝑖𝑡 =
(𝜈−𝜈𝑚𝑎𝑥)

(𝜈𝑚𝑖𝑛−𝜈𝑚𝑎𝑥)
 , 

𝛦𝐵𝑟𝑖𝑡 =
(𝛦−𝛦𝑚𝑖𝑛)

(𝛦𝑚𝑎𝑥−𝛦𝑚𝑖𝑛)
 , and 

𝐵𝐼𝑒𝑙 =
(𝜈𝐵𝑟𝑖𝑡+𝛦𝐵𝑟𝑖𝑡)

2
 , 
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where minimum and maximum values are obtained from cross-plotting E and ν logs (Figure 13).  

The results from both methods were then plotted and classified into four categories ranging 

from ductile to brittle.   They were then compared to magnetic susceptibility and both 

sequence stratigraphic frameworks to determine whether a relationship exists and if it does 

which framework is the better model. 

 

Organic Carbon 

The well was analyzed based upon TOC.  Three methods were used to calculate TOC.  The first 

equation employs the density curve (Scmoker & Hester, 1983) as: 

𝑇𝑂𝐶 = (
154.497

𝜌
) − 57.261 , 

where ρ is taken from the density log.  This equation was developed for the Williston basin, but 

is popular in the Appalachian basin due to its simplicity and capacity to be calculated 

automatically in multiple wells (Scmoker & Hester, 1983).  Schmoker’s 1993 equation was also 

used. 

Figure 13.  Minimum and 
maximum values for 
Poisson’s Ratio and Young’s 
Modulus.  Note that high 
quartz areas correspond to 
low Poisson’s Ratio values.  
The values used were:  
Emax=7.15, Emin=3.09, 
νmax=0.29, and νmin=0.19. 
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𝑇𝑂𝐶 = 55.822 [(
𝜌𝑏

𝜌
) − 1] , 

where ρ is taken from the density log and ρb is taken from an adjacent organic-poor interval.  

This equation was developed specifically for use in the Marcellus Shale and has proven useful.  

The effectiveness of both of Schmoker’s equation diminishes in the eastern part of the basin, 

where the Armstrong #1 well is located (Schmoker, 1993).  Because of this, these methods were 

supplemented by the Delta-logR technique  (Passey Q. R., 1990).  ΔlogR uses the sonic and 

resistivity logs as: 

∆𝑙𝑜𝑔𝑅 = log10 (
𝑅

𝑅𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒
) − 0.02(∆𝑡 − ∆𝑡𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒) , 

where R is the resistivity curve, Δt is the sonic transit curve, and the baseline readings are taken 

from an adjacent organic poor interval.  The difference, ΔlogR, is then fed into the 

corresponding TOC equation: 

𝑇𝑂𝐶 = (𝛥𝑙𝑜𝑔𝑅) ∗ 10(2.297−0.16888𝐿𝑂𝑀) , 

where LOM is the Level of Organic Metamorphism.  This is typically a number from 6-12 and 

based upon vitrinite reflectance (Ro) values, but in the case of shale gas reservoirs where the 

LOM≥10.5 or Ro≥0.9, it is taken as a constant of 10.5 (Passey Q. R., 2010).  Since the average 

vitrinite reflectance in the Armstrong #1 well is 1.40%, the constant of 10.5 was used.  This 

equation has the advantage of calculating the effects TOC has on two different properties 

(sonic and resistivity), and factoring in maturity (LOM) to arrive at the answer using multiple 

lines of evidence.  The results from these methods as well as the bulk magnetic susceptibility 

were compared to each other and the laboratory pyrolysis results provided with the Armstrong 

#1 well.  Core TOC values were calculated using Rock-Eval pyrolysis by Weatherford 

Laboratories, and were used as the baseline to confirm the accuracy of other methods. 
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Results 
 

Sequence Stratigraphy 

When identifying T-R cycles using the traditional gamma-density method across both the 

Mahantango Formation and Marcellus Shale, a well-defined 2nd order cycle is evident with a 

MFS in the lower Marcellus shale and a continual regression through the Mahantango 

Formation.  This same event is recognized using magnetic susceptibility (Figure 14).  3rd and 4th 

order cycles were found when the formations were analyzed on smaller scales.  With the 

Marcellus shale recording three 3rd order T-R cycles.  The MRS of these cycles corresponds to 

the tops of the upper, middle, and lower sections.  Each of these 3rd order cycles was identified 

using both the traditional gamma-density method and magnetic susceptibility.   In addition, two 

4th order events are recorded in the lower and middle sections of the Marcellus Shale.  Both 

small-scale events were identified as a drop in gamma ray and rise in density using the gamma-

density technique.  Only the 4th order cycle in the lower Marcellus Shale was identified using 

magnetic susceptibility (Figure 15).  Three 3rd order T-R cycles, and two 4th order cycles are 

recognized in the Mahantango Formation.  Each 3rd order T-R cycle in the Mahantango 

Formation was identified in both the gamma-density and magnetic susceptibility methods with 

very good correlation between the two.  The first 4th order cycle was detected only with the 

gamma-density method and occurred at the boundary of the Marcellus Shale and Mahantango 

Formation.  The second 4th order cycle occurred between 7598.0’ and 7609.5’ and was 

recorded only in the magnetic susceptibility log (Figure 16).   
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Figure 14.  2
nd

 order transgressive-regressive cycle (red line) recorded in the Mahantango 

Formation and Marcellus Shale.  Track 1: Gamma.  Track 2: Density. Track 3: 2
nd

 order TST-RST 

cycles based on the gamma-density method.  Track 4: 2
nd

 order TST-RST cycles based on magnetic 
susceptibility.  Track 5: Mass susceptibility w/o kerogen.  Track 6:  ECS lithology curves. 
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Figure 15.  3
rd

 and 4
th

 order cycles recorded in the Marcellus shale using both the gamma -density 
and magnetic susceptibility method.  Track 1: Gamma, rugosity, and caliper.  Track 2: Density. 

Track 3: 4th order T-R cycles based on the gamma-density method.  Track 4: 4
th

 order T-R cycles 
based on magnetic susceptibility.  Track 5: Mass susceptibility w/o kerogen.  Track 6:  ECS lithology 
curves.  The redline indicated the general trend of the data 
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Figure 16.  3
rd

 and 4
th

 order cycles recorded in the Mahantango Formation using both the 
gamma-density and magnetic susceptibility method.  Track 1: Gamma, rugosity, and caliper.  

Track 2: Density. Track 3: 4
th

 order T-R cycles based on the gamma-density method.  Track 4: 

4
th

 order T-R cycles based on magnetic susceptibility.  Track 5: Mass susceptibility w/o kerogen.  
Track 6:  ECS lithology curves.  The red line indicates the general trend of the data.  
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Brittleness 

The brittleness index (BImin) is based upon mineralogy, and classified into four categories from 

ductile to brittle by plotting BImin against density (figures 17, 18,19).  This approach allowed for 

the best comparison of the variation of brittleness across the Mahantango Formation and 

Marcellus Shale (Figure 17).   This approach was confirmed when plotting the Z-axis as core 

TOC, which shows the high TOC Marcellus Shale as more ductile and the low TOC Mahantango 

Formation as more brittle (Figure 18).  The BImin scale was then quartered across the range from 

0-1 to show the relative brittle-ductile relationship (Figure 19).  At first there appears to be no 

correlation between BImin and the T-R cycles found earlier (Figure 20), but this only appears to 

be the case with the larger 2nd order cycle due to the exponential relationship of BImin to 

density.  Because BImin drops considerably below the high gamma readings of the lower 

Mahantango at 7646’, it was compared to each section separately and on the smaller scales of 

3rd and 4th order cycles.  It was first compared from the top of the Mahantango Formation to 

the top of the lower Mahantango Formation, then to the top of the lower Mahantango 

Formation to the bottom of the Marcellus Shale (figures 21, 22).  When comparisons are made 

at this scale, better correlations exist and it can be seen that general trends in BImin correspond 

to 3rd and 4th order TST-RST cycles.  This is most evident in high gamma region from the lower 

Mahantango Formation and Marcellus Shale.   

 The brittleness index based upon elastic parameters (BIel) was initially classified into the 

two categories of brittle and ductile based upon previous work (Figure 23) (Grieser & Bray, 

2007).  While this binary classification was empirically determined, it did not allow for a direct 

comparison to the relative classification of BImin (Figure 24).  To alleviate this, the results were 

quartered based upon their minimum and maximum values.  This produced a relative range 

that included ductile, less ductile, less brittle, and brittle (Figure 25).  It also allows for a direct 

comparison to BImin.  When compared to T-R cycles, BIel showed little correlation at any scale 

(Figures 20, 26, and 27).  Further, when compared directly to BImin, there was no correlation 

between them (Figure 28).  A direct comparison resulted in a 0.39 correlation coefficient with a 

standard error of 12.0 (Figure 29).  In addition, no relationship between BIel and magnetic 

susceptibility was observed. 
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Figure 17.  A comparison of 
BImin and formation density 

shows an exponential 
relationship. The two shale 
units are easily distinguished. 

Figure 18.  A comparison of BImin 

and formation density. Core 
derived TOC, plotted as the Z 
value, shows the high TOC 
Marcellus Shale as having a low 
BImin. 
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Figure 19.  Relative brittleness of the Middle Devonian shale based upon 
mineralogy.  Ductile: 0.0-0.25 Less Ductile: 0.25-0.50 Less Brittle: 0.50-0.75 
Brittle: 0.75-1.0 
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Figure 22.  A comparison of trends in BImin and 3
rd

-4
th

 order T-R cycles.  The red lines indicate the 

general trends of the data.  Note that the scale of the BImin has been reduced.  Track1. Gamma, 

rugosity, and caliper.  Track 2. Density.  Track 3. T-R from gamma/density.  Track 4. BImin.  Track 5. T-

R from magnetic susceptibility.  Track 6. Magnetic susceptibility. 
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Figure 23.  Initial template used to classify 
BIel (Grieser & Bray, 2007).  This binary 

classification did not compare well to the 
quaternary system used for BImin. 

Figure 24.  A cross-plot 
of the elastic properties 
of Young’s Modulus and 
Poisson’s Ratio with the 
Mahantango Formation 
the Marcellus Shale as 
the Z axis. 
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Figure 25.  Relative brittleness classification system based upon elastic properties .  Brittleness 
increases toward the upper left and decreases toward the lower right.  
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Figure 28.  A comparison of BIel and 

BImin show no relationship between 

them.  BImin is shown as the z-axis. 

Figure 29.  No relationship was 
found between the brittleness 
index derived from elasticity or 
mineralogy. 
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Organic Carbon  

Of the three methods used to determine total organic carbon (TOC), Schmoker’s 1993 equation 

was the most accurate, followed by his 1983 equation, and the ΔlogR method when both the 

Mahantango Formation and the Marcellus Shale were analyzed together (Table 2).  When 

compared to the TOC values derived from the core, Schmoker’s 1993 equation follows very 

closely to the logs and has a correlation coefficient of 0.78 with a margin of error of 1.36 (Figure 

30).  Schmoker’s 1983 equation followed the same trend but only achieved a correlation 

coefficient of 0.74 with a margin of error of 1.46 (Figure 31).  The ΔlogR method had the worst 

outcome with a correlation coefficient 0.73 and margin of error of 1.48 (Figure 32).  When the 

magnetic susceptibility was compared to the core TOC values, they produced an inverse 

correlation with the mass susceptibility of the whole rock achieving a 0.79 correlation 

coefficient and margin of error of 1.25.  Also, the 4th order cycle between 7598.0’ and 7609.5’ 

detected by an abrupt drop in susceptibility coincides with a spike in core TOC values (Figure 

33).  After the susceptibility of kerogen was removed, the adjusted susceptibility was compared 

to the core TOC values and found to have an inverse logarithmic relationship producing the 

highest correlation coefficient of 0.90 and lowest margin of error of 0.92 (Figure 34).  

Table 2.  Comparison of analytical methods of deriving TOC from wireline logs and core TOC 
values.  Additional comparisons are made of the mass susceptibility of the whole core (Χ b) and 

the mass susceptibility of kerogen (Χker) to core TOC. Accuracy is shown based upon correlation 

coefficient and standard error. 

 Corelation Coefficient Standard Error

Schmoker (93) 0.78 1.36

Schmoker (83) 0.74 1.46

ΔlogR 0.73 1.48

Magnetic Susceptibility (χb) 0.79 1.25

Magnetic Susceptibility (χKer) 0.90 0.92

Comparion of Wireline Values to Rock-Eval TOC Estimates 

(Mahantango Formation and Marcellus Shale)
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When analysis was restricted to the more economically important organic-rich 

Marcellus Shale, each of the methods used exhibited a lower correlation to core TOC (Table 3).  

The results of the Schmoker (1993) equation had a correlation coefficient of 0.59 and standard 

error of 0.73.  The results of the Schmoker (1983) equation had a higher correlation coefficient 

of 0.63 and standard error of 0.70.  The ΔlogR method had the lowest correlation coefficient of 

0.51 and highest standard error of 0.80.  Mass susceptibility of the whole rock produced a 

correlation coefficient of 0.61 and standard error of 0.73.  The isolated mass susceptibility of 

kerogen retained its logarithmic relationship and produced the highest correlation of 0.69 and 

lowest standard error of 0.65. 

 In an attempt to understand why the mass susceptibility of the kerogen increased so 

dramatically with depth, it was compared directly to the amount of kerogen present and its 

level of maturity.  The weight percent of kerogen achieved a high correlation coefficient of 0.95 

and low standard error of 0.180 (Figure 35), while the vitrinite reflectance values were 

relatively constant at an average of 1.40% across the entire interval (Table 4).  Additionally, 

comparisons were made against the amount of calcite, quartz, pyrite, illite, dolomite, chlorite, 

aluminum, calcium, potassium, silicon, sulfur, titanium, gadolinium, and even iron with no 

discernable patterns. 

 

Table 3.  Comparison of analytical methods for deriving TOC from wireline logs and values taken 
form the core, but restricted to only the Marcellus Shale.  Accuracy is shown based upon 
correlation coefficient and standard error 

 Corelation Coefficient Standard Error

Schmoker (93) 0.59 0.73

Schmoker (83) 0.63 0.70

ΔlogR 0.51 0.80

Magnetic Susceptibility (χb) 0.61 0.73

Magnetic Susceptibility (χKer) 0.69 0.65

Comparion of Wireline Values to Rock-Eval TOC Estimates 

(Marcellus Shale Only)
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Figure 35.  A comparison of the mass susceptibility of kerogen to the weight percent 
on kerogen across both the Mahantango Formation and the Marcellus Shale.  The z-
axis is gamma ray. 

Table 4.  Vitrinite reflectance values 
by depth.  Both formations display a 
fairly consistent value of 1.40%. 

Upper Depth (ft.) Vitrinite Reflectance (%) Standard Deviation Count

7555 1.40 0.06 15

7605 1.38 0.08 14

7655 1.37 0.07 15

7714 1.46 0.07 10

7752 1.40 0.07 15

7765 1.41 0.05 14

Entire Interval 1.40 0.03 83

Vitinite Reflectance Values
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Discussion 
 

Sequence Stratigraphy 

The 2nd order T-R cycle recorded within the Middle Devonian shale was easily detected using 

magnetic susceptibility (Figure 14).   Most of the smaller 3rd and 4th order cycles were also 

recognizable with magnetic susceptibility (Figures 15, 16).  However, magnetic susceptibility did 

not record a 4th order cycle in the middle of the middle Marcellus Shale, nor a 4th order cycle at 

the top of the upper Marcellus Shale.  Conversely, magnetic susceptibility did detect the 4th 

order cycle in the middle of the Mahantango Formation that occurred between 7598.0’ and 

7609.5’ that was not recognized by the gamma-density method.   

The point that the gamma-density method recorded events in the Marcellus shale that 

the magnetic susceptibility method did not, and that the magnetic susceptibility method 

recorded events in the Mahantango Formation that the gamma-density method did not should 

be noticed.  Since the gamma readings are so high and density readings so low in the Marcellus 

Shale relative to the Mahantango Formation above, it enables smaller variations in the rock to 

exhibit larger effects in the data.  The relative change in log values between the two units 

allows for the detection of smaller cycles and produces a more accurate record of events within 

the Marcellus Shale.  The opposite seems to be true for the Mahantango Formation, where the 

lower gamma ray and density readings do not allow for the expression of smaller events.  Here 

it seems that the magnetic susceptibility method shows more detail.  This may be due to the 

sensitivity of magnetic susceptibility to the presence of paramagnetic grains.  Paramagnetic 

grains are much more susceptible by weight than diamagnetic grains allowing for detection of 

very small changes in the terrigenous sediment supply (Ellwood, 2000).  It is not clear why the 

gamma-density method failed to detect the 4th order cycle in the Mahantango Formation.  This 

event coincides with a peak in TOC, which should have produced a drop in density, and a rise in 

gamma.   

Brittleness 
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BImin does roughly follow the 2nd order T-R cycle across both units, but it is distorted by its 

exponential relationship to density.  In relation to sequence stratigraphy, the more brittle 

sections are in the RST of the Mahantango Formation and the more ductile sections are in the 

TST of the Marcellus Shale (Figure 20).  This trend is carried over on a smaller scale as well.  

When analyzed from the top of the Mahantango Formation to the top of the high gamma area 

in the lower section of the Mahantango Formation, the brittle-ductile couplets of BImin 

correspond closely to the T-R cycles identified by the magnetic susceptibility method (Figure 

21).  It was expected that the more brittle quartz grains would increase during regression and 

the more ductile illite grains would increase during transgression resulting in corresponding 

variations in brittleness.  This was found to be the case as the more brittle sections correspond 

to the MRS at the top of the RST and the more ductile sections correspond to the MFS at the 

top of the TST.  BImin detects the 4th order cycle that the gamma-density method missed.  

However, there are two 4th order T-R cycles detected in BImin that were not detected by 

magnetic susceptibility at ~7630’ and ~7615’.  Although, this is not necessarily evidence against 

the correlation.  This particular section of the core was missing two pieces at these depths due 

to previous research and was not analyzed for susceptibility.  The T-R cycles from the gamma-

density method display weak correlation to BImin in the Mahantango Formation, but they fail to 

detect many of the 4th order cycles.   

When the core was analyzed from the top of the lower Mahantango Formation to the 

bottom of the Marcellus Shale, there was very good agreement between variations in BImin and 

the sequence stratigraphic frameworks derived from both the gamma-density method and the 

magnetic susceptibility method (Figure 22).  The brittle-ductile couplets correspond to changes 

in the sequence stratigraphy, with the more brittle sections corresponding to the MRSs at the 

top of the RSTs and the more ductile sections corresponding to the MFSs at the top of the TSTs.  

Here BImin failed to detect any of the 4th order cycles detected in either of the two methods 

tested.  This failure may be a result of the suppression of variations in the data due to the large 

amounts of TOC. 

 BIel showed no correlation when compared to either of the units (figures 14, 26, 27).  

The cause of this discrepancy is evident when the results of BImin and BIel are compared (Figures 
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28, 29).  Since they showed no relation to one another, it’s not surprising that they do not show 

the same relationship to variations in either sequence stratigraphy or magnetic susceptibility.  

Since they are supposed to measure the same thing, this leaves only two possibilities:  one 

method is correct or neither method is correct.  The truth as to which is the case is beyond the 

scope of this study and should elicit caution when relying upon them.  

 

Organic Carbon 

Of the methods tested for estimating the amount of TOC across the two units, the ΔlogR 

method performed the worst.  It had the lowest correlation to core TOC with the highest 

standard error.  While this method has been known to be useful in other plays, the reason it 

under performs in the Armstrong well is most likely due to the high amounts of pyrite (Figure 

12).  The low resistivity of pyrite lowers the overall resistivity of the rock resulting in a reduced 

ΔlogR value.  This results in a lower estimation of TOC.  The two Schmoker equations performed 

better, with the 1993 equation outperforming the 1983 equation, which was closer to the 

ΔlogR method.  This discrepancy is not entirely unexpected.   Both equations measure TOC with 

the same method with the only real difference between them being the constants.  The 1983 

equation was designed for use in the Williston basin and the 1993 equation was designed for 

the western part of the Appalachian basin.  Both the mass susceptibility of the of the whole 

rock (Χb) and the mass susceptibility of kerogen (Χker) had better correlations to core TOC than 

traditional methods with Χb preforming only slightly better with a linear relationship and Χker 

preforming significantly better with a logarithmic relationship (Table 2).  

 The reasons for the relationship of magnetic susceptibility to TOC is linked to the 

logarithmic decrease of Χker held.  Since both maturity and composition can affect the magnetic 

susceptibility of a substance, each was analyzed in turn (Hunt, Banerjee, & Moskowitz, 1995).  

Variations in maturity were ruled out since the burial histories of both units are relatively the 

same and, more empirically, the vitrinite reflectance values across both units deviated very 

little from 1.40% (Table 4).  This leaves composition as the most likely factor for this increase.  

Unfortunately for this study, research on the composition of kerogen in these units is still 
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ongoing and as of this writing is still unknown.  However, it is known that the composition of 

kerogen is not stable from one basin to another and may not even be stable within the same 

formation.  The composition of kerogen is based upon source material.  Further, a very strong 

logarithmic relationship between the weight percent of kerogen and the magnetic susceptibility 

of kerogen was observed (Figure 35).  The magnetic susceptibility of paramagnetic and 

diamagnetic substances is controlled on the molecular level by the ratio of paired and unpaired 

electrons and is therefore independent of the quantity of the substance (Mulay, 1963). If the 

composition of the kerogen is consistent, then the magnetic susceptibility would also be 

consistent.  Because the magnetic susceptibility of the kerogen increases along with the 

amount of kerogen, then amount of kerogen present can be linked to the sources of the 

kerogen.  This suggests that the areas with the greater amounts of kerogen were sourced from 

organic material that deposited more diamagnetic material and areas of lesser amounts of 

kerogen were sourced from organic material that deposited more paramagnetic material.  It 

has been suggested that increases in the amount of TOC within the Marcellus Shale are due to 

episodic algal blooms (Wrightstone, 2011).  Using this hypothesis, it would be reasonable to 

assume that organisms that are present during the normal habitat of the basin are producing a 

paramagnetic base level of sediment.  During episodes of algal blooms, a large amount of 

diamagnetic sediment is deposited and the magnetic susceptibility of the base level is lowered 

as a result.  It may also be that the presence of algal blooms displace organisms normally 

present resulting in further lowering the magnetic susceptibility. This would account for the 

relationship between the amount of kerogen and its susceptibility.  When more is known about 

the composition of kerogen in this area, it may be possible to establish a stronger link, more 

tightly constrain the sources, and develop improved methods of predicting TOC. 

 

Conclusions  
 

On the whole, magnetic susceptibility has been shown to be as effective in detecting T-R cycles 

as the traditional gamma-density method.  While it detected less detail in the Marcellus Shale 
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due to a greater influence of both gamma ray and density values, it detected more detail in the 

Mahantango Formation where these effects do not occur.  Additionally, multiple lines of 

evidence are provided to support conclusions based upon sequence stratigraphy by using both 

techniques together. 

  Variations in BImin showed good correlation to the sequence stratigraphy produced by 

both methods with brittle-ductile couplets corresponding to regression and transgression 

respectfully.  BIel showed no correlation to either sequence stratigraphic method.  Further, it 

did not even correlate to BImin.  This fundamental disagreement between the two methods used 

for calculating brittleness casts doubt on their effectiveness.   More research is needed to 

determine if either of these methods actually measures the tendency of these units to fracture. 

 Magnetic susceptibility correlates better to the weight percent of TOC present than 

does the most commonly used wireline techniques.  This is especially true when the mass 

susceptibility of kerogen is isolated and compared.  Though these are only correlations with the 

most likely scenario being that variations in magnetic susceptibility are linked to the source 

material and it is the source material that is linked to the amount.  Further, evidence was found 

based upon the relationship of the weight percent of TOC present and the magnetic 

susceptibility of the TOC, that supports the interpretation of algal blooms as the origin of the 

high levels of TOC in the Marcellus Shale and that these blooms produced large amounts of 

diamagnetic sediment that lowered the overall magnetic susceptibility.  This method may prove 

useful in future analysis if this link is found to be present in other parts of the basin and further 

if it is found in other basins.  Even without knowing the kerogen composition, if this relationship 

holds laterally within the basin, and more data are collected on it, a best fit equation can be 

generated that can then be used to predict TOC in future exploratory efforts.  It would also be 

expected that, once the composition of kerogen in the Mahantango Formation and Marcellus 

Shale is discovered, a more direct link could be established that will increase the accuracy of 

detecting TOC through magnetic susceptibility. 

 It has been shown that magnetic susceptibility is as accurate at predicting T-R cycles and 

more accurate at predicting TOC than traditional analytical methods.  Further, individual 

measurements are made accurately and within seconds.  The technique is nondestructive, has a 
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resolution on the scale of centimeters, and the required equipment is inexpensive.  These 

techniques were easily implemented in this study on a shale core, but it could very easily be 

incorporated into a mud logger’s laboratory on a drill site and used to provide near real time 

data.  If the technology can be incorporated in to the bottom hole assembly it could provide 

real time data on sequence stratigraphy and TOC. 
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