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Overview of dolomitic/calcareous mudstone that is characterized 
by a wavy-laminated matrix primarily composed of clay 
minerals.  Silt-size crystals and concretions of calcite (ca) and 
dolomite (do) are dispersed in the matrix together with detrital 
silt (s).   (Scale bar = 30 microns) 

 
 
 
 

 
Closer examination reveals considerable amounts of calcareous 
and dolomitic cements admixed with laminated clay minerals.   
These cements reduce primary porosity that mainly includes 
flattened intercrystalline micropores between clay minerals.   (+ 
= calcite shell fragment)  (Scale bar = 2 microns) 
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Mule 31-K well, Chimney Rock, Depth 
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Detailed view showing authigenic cements such as pyrite (py), 
calcite (ca), and dolomite occluding intercrystalline cavities 
between layers of clay minerals.  (Scale bar = 1 micron) 

 
 
 
 

More detailed view of flattened intercrystalline micropores 
(0.5-1 micron wide) between layers of clay mineral.  Stippled 
texture shown on the right (box) indicates possible amorphous 
kerogen.  (Scale bar = 1 micron)  

SEM PLATE 4 
Mule 31-K well, Chimney Rock, Depth 

6102.4 ft
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Poorly laminated mudstone at low magnification.  Whole view 
EDX produces peaks for Si, O, Ca, Al, Mg, K and Fe in 
descending order.  Likely minerals include clays (illite and 
possibly chlorite), dolomite, and quartz.  Several pyrite 
framboids (arrows) are visible in this image.  (Scale bar = 10 
microns)   

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

At higher magnification, silt-sized calcite and non-ferroan 
dolomite grain replacements populate a matrix of wavy and 
crenulated clay flakes.  Secondary minerals are identified by 
spot EDX analysis.  The most common pores are 
intercrystalline micropores between clay flakes.  (Scale bar = 3 
microns)   

 

 

SEM PLATE 5 
Jefferson State 4-1, Sample G, 6051 ft,  

Gothic Shale 
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Rectangular dolomite crystal embedded in clay matrix.  Spot 
EDX for the crystal (d) shows an elemental composition of Ca, 
Mg and O.  Clay composition can not be ascertained without 
XRD, although individual particles show EDX spectra 
corresponding to illite (Si, O, Al, and K) and probable chlorite 
(Si, O, Al, Mg and Fe).  (Scale bar = 1 micron)   

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

Pyrite framboid in shale at medium magnification.  Pyrite 
appears to be relatively common in the sample.  Large peaks 
for sulfur and iron dominate the spot EDX spectrum, 
confirming the pyrite composition.  Ragged and weakly aligned 
flakes make up the matrix, which is likely a mixture of detrital 
clays.  (Scale bar = 3 microns)   

SEM PLATE 6 
Jefferson State 4-1, Sample G, 6051 ft,  

Gothic Shale 
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Overview of mudstone texture dominated by interlocking, 
subhedral dolomite crystals.  Porosity is likely minimal in this 
sample.  Whole view EDX for the area shown here is presented 
in the next image. 

 
 
 
 
 
 
 

 

 

 

 

Whole view EDX spectrum corresponding to the area in the 
previous image.   Peaks for Si, O, Al and K likely indicate illite, 
whereas Ca, Mg and O peaks denote dolomite.  A likely 
interpretation is a diagenetic dolomite overprint on an illitic 
mudstone matrix.  The small iron peaks are more likely 
associated with clays than dolomite: EDX on individual 
dolomite crystals show no Fe component. 
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SEM PLATE 7 
Jefferson State 4-1, Sample H, 6070 ft,  

Gothic Shale 
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Higher magnification view of dolomitic mudstone highlighting 
packets of clays (preferred alignment lower left to upper right) 
sandwiched between dolomite crystals.  The tightly crystalline 
fabric leaves little visible microporosity.  (Scale bar = 2 
microns)   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Another view of dolomitic mudstone showing pyrite replacing a 
globular form, most likely organic in origin.  Pyrite is relatively 
rare in the rest of this SEM sample.  (Scale bar = 2 microns)   

 
 
 

 

SEM PLATE 8 
Jefferson State 4-1, Sample H, 6070 ft,  

Gothic Shale 
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  Internal structure of the pyrite nodule shown in the previous image.  The fabric consists of 
a collection of pyrite framboids as well as loose microcrystals.  Nanometer-scale pores are 
visible in this image.  (Scale bar = 1 micron)   

 
 
 

 
 

SEM PLATE 9 
Jefferson State 4-1, Sample H, 6070 ft,  

Gothic Shale 
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SEM image of shale at very low magnification exhibiting a 
blocky, crumbly and soft texture with moderate lamination.  
Little or no silt or sand-sized material is observed, identifying 
the sample as shale rather than mudstone.  (Scale bar = 100 
microns)   
 
 
 
 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 
Slightly more magnified view highlighting a laminated fabric of 
crenulated clays.  A mixture of detrital clays is most likely; the 
large flake (arrow) produces the spot EDX spectrum shown in 
the next image.  Induced stress-release porosity is evident as 
elongate microfractures parallel to bedding.  (Scale bar = 10 
microns)   

 

 

SEM PLATE 10 
Jefferson State 4-1, Sample L, 6192.5’  

Chimney Rock Shale 
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Elemental spectrum for the clay flake in the previous image 
(arrow).  In addition to Si, O, and Al peaks indicative of clay, 
medium-sized peaks for Mg and Fe suggest a chlorite 
composition.  The K peak likely denotes illite, whereas the Ca 
peak could indicate intermixed illite/smectite.  Gold peaks 
reflect sample coating.  

 

 

 
 
 
 
 
 
 

 

 

 

 

 
 
 
 
 
 

 
 

The flattened carbonaceous particle at center produces a poor 
elemental spectrum in spot EDX analysis, with a small carbon 
peak.  Discrete organic particles are sparsely distributed 
throughout both Chimney Rock samples (L and M).  EDX 
identifies the clays as a mixture of illite and chlorite.  (Scale 
bar = 3 microns)   

SEM PLATE 11 
Jefferson State 4-1, Sample L, 6192.5’  

Chimney Rock Shale 
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Quartz (q) and feldspar (k) silt grains prop open voids between clay flakes in this high magnification view.  Micropores average 1-2 
microns in size.  The crenulated clay flake at left (+) produces a spectrum dominated by Si, O, Ca, Al, Mg and K peaks.  Elemental 
composition combined with morphology, although not definitive, suggests a mixed illite, illite/smectite, and chlorite composition.  
(Scale bar = 1 micron)     

SEM PLATE 12 
Jefferson State 4-1, Sample L, 6192.5’  

Chimney Rock Shale 
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Overview of shale texture exhibiting weakly developed laminae 
composed of stacked and crenulated clay flakes.  Whole view 
EDX analysis of the area in the image shows major peaks for Si, 
Al, and O, peaks of lesser magnitude for Mg and K, as well as 
smaller Ca and Fe peaks.   A matrix composition of mixed illite, 
illite/smectite, and chlorite is probable.  Chlorite does not seem 
to be particularly iron-rich (Mg > Fe peaks in EDX).  The flake at 
center (arrow) is most likely a degraded mica (Si, Al, O, K > Fe 
and Ca).  (Scale bar = 10 microns)   

 

 

 

 

 
 
 
 
 
 
 
 

 

 

 

 

 

 
Carbonaceous particles (c) aligned parallel to bedding in shale.  
Crenulated shapes of clay flakes, irregularities introduced by 
diagenetic cement crystals, and admixed organic particles all 
create open micropores in the heterogeneous shale matrix.  
(Scale bar = 3 microns)     
 
 
 

 
 

SEM PLATE 13 
Jefferson State 4-1, Sample M, 6195.5’  

Chimney Rock Shale 
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The long, straight mica grain at left is interpreted as biotite; 
EDX produces a spectrum with prominent Si, O, Al = Fe > Mg > 
K, Ca).  The surrounding matrix hosts dense clusters of wavy 
illite and possibly magnesium-rich chlorite or illite/smectite.  
Elongate intercrystalline micropores are evident, typically 
measuring 0.5-2 microns in size.  (Scale bar = 3 microns)     

 

 
 
 
 
 
 
 
 
 
 

 

 

 
 

 

 

 

 

Higher magnification of whorled habit in clay flakes.  Natural 
intercrystalline micropores (< 1 micron) as well as more linear, 
stress-release or dehydration fractures are visible in this image.  
Spot EDX analysis for the clay cluster at center reveals peaks for 
Si, Al, O, Mg and K, in order of magnitude.  A mixed 
composition of illite and either magnesium smectite or chlorite is 
inferred.  (Scale bar = 1 micron)     

SEM PLATE 14 
Jefferson State 4-1, Sample M, 6195.5’   

Chimney Rock Shale 
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Appendix D - Fracture Analysis 
Jefferson State 4-1 
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Depth (ft) Morphology Comments 

5860.1 filled-oblique  
5900-5902 filled-horizontal, filled-subhorizontal multiple fracture 
5904.4 filled-oblique two main fractures 
5904.8 filled-oblique calcite filled 
5909.2 partially filled-oblique  
5914 partially filled-subhorizontal  
5916-5917 partially filled-horizontal, partially filled-subhorizontal multiple fracture 
5918.2-5918.8 partially filled-vertical to horizontal, open-vertical small vertical fractures connecting layered horizontal fractures 
5922.3 open-vertical  
5923.7-5925.2 partially filled-vertical very thin calcite cement 
5930.2 open-vertical  
5930.3 open-vertical two main fractures 
5931.4 partially filled-vertical two main fractures 
5939.4 filled-horizontal dish shaped 
5941.1-5943.8 filled-vertical to partially filled-vertical calcite cement, possibly 2 fractures? 
5943.9 filled-vertical three fractures 
5944.1 partially filled-vertical, open-vertical  
5944.5 partially filled-vertical 3” visible length 
5945-5945.3 partially filled-vertical calcite cement, two main fractures 
6003.6  base of anhydrites (no frac) 
6005.1 filled-vertical  
6006-6006.4 partially filled-vertical  
6006.8 open-vertical two main fractures 
6007.1-6007.5 open-subvertical  
6007.8-6008 open-vertical  
6008-6009 filled-vertical, partially filled-vertical, open-vertical 12 small fracture planes 
6009-6009.6 open-vertical, partially filled-vertical 6 small fractures 
6010-6022.5  pervasive microfractures 
6013-1-6014 filled-vertical, partially filled-vertical, open-vertical numerous fracture planes 
6013.8-6014.1 filled-vertical  
6014.1-6015.5+ open-vertical  
6031-6033.6 filled-vertical  
6034.3-6036.35 filled-vertical  
6034.3-6039.5   
6036.6-6041.3 partially filled-vertical, open-vertical more cementation toward top of fracture 
6036.7-6039 filled-vertical,partially filled-vertical  
6039.6-6041.3 filled-vertical two main fractures 
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Appendix E - XRD Mule 31-K 

 



 E-2 

 
Sample ID 2 3 

Depth (Ft) 6102.40 6106.95

Quartz 25 30 

K-Feldspar 3 0 

Plagioclase 4 0 

Calcite 12 1 

Siderite 0 0 

Ankerite/Fe-Dolomite 2 6 

Dolomite 9 41 

Pyrite 5 1 

Fluorapatite 1 1 

Magnetite 0 1 

Total Non-Clay 60% 81% 

    

Smectite 0 5 

Illite/Smectite ( I/S)  19 0 

Illite+Mica 19 9 

Kaolinite 0 0 

Chlorite 2 5 

Total Clay 39% 19% 

    

Grand Total 100 100 

   

Relative Clay Abundance In Bulk Sample 

% I/S Expandability 25 25 

    

Smectite 0 25 

Illite/Smectite ( I/S)  48 0 

Illite+Mica 47 47 

Kaolinite 0 0 

Chlorite 5 28 

Total  100 100 

    

Total Expandable Clay 5 5 
 

(These are Chimney Rock samples) 




