
Gas Chromatography / Mass Spectrometry and Carbon Isotope Field Emission Scanning Electron Microscopy

debris
debris

debris

debris

EP

 EP

EP

OMP 

EP

calcite

EP

OMP

OM

OM

calcite

Calcite 

calcite 

OM
OM

OM

OMP

OMP

OM

OM
calciteOMP

 EP

                          

SAMPLE DEPTH: 7419.80 FEET 

 
The surface of this argon-ion milled sample was photographed using secondary electron (SE images; Photographs A and C) and 
backscattered electron (BSE images; Photographs B and D) images to reveal detailed compositional and textural characteristics. 
Secondary electron (SE) images illustrate sample topography and allow for visual identification of micropores and/or nanopores. 
Backscattered electron (BSE) images, such as shown in photos B and D, display gray-scale atomic number contrast, which aids in the 
differentiation of minerals. Backscatter electron intensity (gray scale brightness) increases with mean atomic number (and density). 
Minerals with high atomic number are typically easily distinguished when present in grayscale images. Pyrite for example, has a high 
mean atomic number and is shown in the grayscale image as white. Comparisons between the image pairs assist in evaluating 
characteristics of the fabric and pore system. Analysis with energy dispersive spectroscopy (EDS) aids in identification of minerals. 
Vertical streaks, or “curtaining” across the sample surface is a common artifact of the milling process. 
 

 
PLATE 1  

 
Low magnification photomicrographs (Photographs A and B) provide an overview of the fabric of the argon-ion milled (AIM) surface. 
This sample consists of a limestone (based on the core description). 
 
Photographs C and D depict a high magnification view of the area around F8 in Photographs A and B. These photographs consist 
almost entirely of euhedral to subhedral calcite cement (B3, A10, CD5.8, K12, E12.8). Organic material (JK3, H9, K5.9, KL8.3, L9.7) is 
present within intercrystalline pores. 
 
The presence of pores can be evaluated by using the SE image (Photograph C) to identify the white “edge effect” that commonly 
occurs around sharp edges of pore boundaries. Both pores and organic material appear black in BSE images; however, organics lack 
the white “edge effect” associated with pores in the SE images. The primary pore type in this sample appears to intercrystalline 
micropores (Photograph C: C8.5, EF12.4, H2.3, M7) between calcite crystals. Possible micropores are present within the organic 
material as well (Photograph C: KL3.3, GH8.7, CD6.1, FG8.5). Possible organic material with micropores occurs within the 
intercrystalline micropore at C8.5. 
 
Magnification: A: 400X B: 400X C: 1500X D: 1500X 

 

 
SAMPLE DEPTH: 7419.80 FEET 

 
PLATE 2 

 
Additional features of this limestone are shown in Photographs E-H. Secondary images (SE) are shown in Photographs E and G, and 
backscattered electron images (BSE) are shown in Photographs F and H. Euhedral to subhedral authigenic calcite is the dominant 
constituent in this sample (Photographs E and F: B8, D2, C13, J11, K2-3, M11-13; Photographs G and H: B9, A13, L2, HJ13). Other 
constituents include authigenic quartz (Photographs E and F: L10.9) and possible pyrite (Photographs G and H: HJ13.8). Organic 
material in Photographs G and H at GH12-13 appears to completely occlude an intercrystalline pore. Organic material is present in 
numerous other places in these photographs (Photographs E and F: C5.5-H4.7, KL3-5, KL10-11; Photographs G and H: AD11-13, 
GH3-4, K7-8, HK14). 
 
Even though organic material and pores both appear black in BSE images, pores present within the organic material can generally be 
identified in the SE images based on the white “edge effect.” Pore types consist of intercrystalline micropores (Photograph E: A8; 
Photograph G: CD1.3) and intracrystalline micropores (Photograph E: CD7.7, AB5.7, F13, K6.8; Photograph G: EF10.2, FG10.7, 
KL8.2). Micropores are also present within possible organic material (Photograph E: KL3; Photograph G: GH3.2, JK6.9). It is difficult to 
determine whether some of the micropores in Photograph E are intercrystalline micropores or micropores within organic material (CD5-
6, FG4-6, KL4.8). Pore diameters were measured at 2.097 microns (Photograph E: K7-9) and 332.3 nanometers (Photograph G: 
JK6.9). 
 
Magnification: E: 6000X F: 6000X G: 10000X H: 10000X 
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PLATE 3 

 
Euhedral to subhedral calcite cement is common in these plates (Photographs I and J: B4, J1, A13, JK5.5, L10; Photographs K and L: 
C3, B12, GH11, L10). Pyrite (Photographs I and J: E3, B8.5, E7, GH13, J3) partially replaces organic material. Organic material occurs 
between calcite crystals (Photographs I and J: AB7-8, FG2, KL3-5, HJ2-3; Photographs K and L: DF8-9, HJ12-13, GJ8-9).The majority 
of the nanopores and micropores in these photographs appear to be within the organic material (Photograph I: AB7.7, KL4, FG4.4, J11-
12, JK6.8; Photograph K: E8.5, GH8-9, JK3). Intracrystalline nanopores (Photograph K: KL4.3, L5.3, A13) are also present between the 
calcite crystals. Pore diameters were measured at 990.6 nanometers (Photograph I: KL4) and 331.1 nanometers (Photograph K: JK3). 
 
 
Magnification: I: 15000X J: 15000X K: 20000X L: 20000X 
 
 
 
The lithology of this sample is a limestone. The vast majority of this sample is dominated by fine crystalline, euhedral to subhedral 
calcite cement. Authigenic quartz and pyrite are rare. Pyrite appears to partially replace organic material while the authigenic quartz 
occurs as a pore-filling cement. Organic material occurs primarily as an intercrystalline micropore to nanopore fill. Micro- to nanopores 
are also present within the organic material in many places. In fact, most of the micro- and nanopores seem to be associated with 
organic material. However, some micro- and nanopores occur within/between calcite cement without organic material. 
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SAMPLE DEPTH: 7408.45 – 7408.65 FEET

PLATE 5

Additional features of this limestone are shown in Photographs E-H. Secondary images (SE) are shown in Photographs E and G, and backscat-
tered electron images (BSE) are shown in Photographs F and H. Detrital grains include quartz (Photographs E and F: A1-GH6, HM1-M14, 
FK7-GK14, DE6-10; Photographs G and H: BC7-8, DF7-8, FG3-5, LM1-7, LM9-11, KM12-14), sodium plagioclase feldspar (Photographs G and 
H: A13-14, BD12-13), and mica (Photographs E and F: A7-D7.5, B11-A14; Photographs G and H: CD6-9, JK11-14, E13). Authigenic kaolinite 
(Photographs E and F: BD13-14, B9), calcite (Photographs E and F: A10-12; Photographs G and H: AD5-6), dolomite (Photographs G and H: 
AF1-4), and pyrite (Photographs E and F: C5, KL12-13, CD9.7; Photographs G and H: HK8-10) are also present. Debris caused by sampling is 
rare (Photographs E and F: BC2.9, C10.2, AB14). Organic material is common between detrital grains in these photographs (Photographs E and 
F: A9, AB3.5, FG2.3, F14). Organic material intermixed with illite and chlorite in the matrix in Photographs G and H (B9, F5.5, F11, H6.5). The 
darkest portions of Photograph G likely represent the organic material mixed with little to no clays within the matrix (KL1.5, F9, KL2, GH12).

Even though organic material and pores both appear black in BSE images, pores present within the organic material can generally be identified 
in the SE images based on the white “edge effect.” Micro to nanopores are predominantly associated with organic material and/or the matrix (Pho-
tograph E: GH3.5, GH4.2, EF8.6; Photograph G: EF13.7, GH4.7, EF12.9). Many of these micro to nanopores occur at the contact between a grain 
and organics (Photograph E: E1-FG1.6, G1.7, E12-13; Photograph G: FG1-2, DE5, GH8.2). It is difficult to determine whether the nanopores at 
GH13.6 in Photograph E occur within organic material that occluded a pore within a quartz grain or if that space represents a grain boundary 
between two quartz grains. Pore diameters were measured at 1.142 microns (Photograph E: GH3.3) and 628.0 nanometers (Photograph G: 
H1.2).

Magnification: E: 6000X F: 6000X G: 8000X H: 8000X
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PLATE 6

Magnification: I: 10000X J: 10000X K: 12000X L: 12000X
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SAMPLE DEPTH: 7441.30 – 7441.60 FEET

PLATE 8

Additional features of this limestone are shown in Photographs E-H. Secondary images (SE) are shown in Photographs E and G, and back-
scattered electron images (BSE) are shown in Photographs F and H. Quartz is the primary detrital grain in this sample (Photographs E and F: 
EG10-12, KL5-8, JM1-LM5; Photographs G and H: BE1-2, EG1-2) with less common mica (Photographs E and F: F3-AB10, G14-K6). Very 
fine sparry calcite is common (Photographs E and F: AD1-AB14, FG5-7, GH3-4, JK4-5; Photographs G and H: GH7.7, D5-6, C13, FM13-14, 
HM1-M7, KM9-11). Pyrite (Photographs E and F: CD13-14, DE12-13, FG8-9, FG13.5; Photographs G and H: DE14, BC6-7, GH2-4, HK8-9, 
KL7) partially replaces organic material. Organic material (Photographs E and F: E2.8, AB12, CD10.2, GH10-11, KL4.8; Photographs G and 
H: AB1-BC3-BC9, EF2-3, LM12) is intermixed with illite and chlorite clay (Photographs E and F: EF2.7, J3-5, G9-10; Photographs G and H: 
A4-7, AB9-A13, G2.2) within the matrix. Authigenic kaolinite is rare (Photographs E and F: GH8). Undifferentiated surface debris (Photograph 
E: CD6.7, CD7.3, JK12.2; Photograph G: EF5.8) occur as a result of the sampling process.

Even though organic material and pores both appear black in BSE images, pores present within the organic material can generally be identi-
fied in the SE images based on the white “edge effect.” Micro to nanopores are predominantly associated with organic material and/or the 
matrix (Photograph E: B10.8, CD10, DE11.3, G5-H6, GH8-11; Photograph G: AB1-B2.7, AB3, BC3.4, BC4-6, AB7, A13.5-B10, GH2.3, 
JK10.3). Rare intra/intercrystalline micro to nanopores are present (Photograph E: B13.7). Pore diameters were measured at 1.152 microns 
(Photograph E: B10.8) and 921.7 nanometers (Photograph G: FG10.8).

Magnification: E: 6000X F: 6000X G: 8000X H: 8000X

SAMPLE DEPTH: 7441.30 – 7441.60 FEET

PLATE 9

Magnification: I: 10000X J: 10000X K: 12000X L: 12000X
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Quartz is the primary detrital grain in this sample (Photographs I and J: B1-M1, KM9-11; Photographs K and L: A4-AC8.5-A12, B13, 
LM1-3) with less common mica (Photographs K and L: K1-L4, JK3-GH6.3-CD10) and sodium plagioclase feldspar (Photographs K and 
L: HM8-FM14). Very fine sparry calcite is abundant in Photographs I and J (AC4-BC8, BC9-11, CE12-14, M1-JK9, GH8-9) but less 
common in Photographs K and L (HJ1-3, GH5, DF8-11, DE13-14). Pyrite is also present (Photographs I and J: BC11.7, KL11-12). The 
matrix contains intermixed organic material (Photographs I and J: A8-9, BC12-13, A3-4, K2-G8, GH11-13, DE6-9; Photographs K and 
L: A13-14, C11, J1-HJ7) intermixed with illite and chlorite (Photographs I and J: A1-3; Photographs K and L: BG1-2, DE4-6, CD10-11, 
LM5-7). The micro to nanopores in this sample seem to be almost exclusively associated with organic material (Photograph I: CD5.2, 
BC12-13, GH11-12, CE11.8, JK8-10, K2-H4.5, JK12.8, KL13.4; Photograph K: H3.7, A14, BC12, CD11.7, DE12.2, EF12). 
Intra/intercrystalline nanopores are rare (Photograph I: C5.3, BC4.9, CD13.7; Photograph K: D13.8). Pore diameters were measured at 
1.233 microns (Photograph I: BC12-13) and 499.6 nanometers (Photograph K: CD11.8). 

Detrital grains in these photographs include mica (Photographs I and J: A5-AB14, DE10-14, FG8-E12; Photographs K and L: HJ1-M4) 
and quartz (Photographs I and J: F2-3, C13-14, FH12-14, KM9-11; Photographs K and L: LM7-9). Authigenic minerals include pyrite 
(Photographs I and J: BE1-3, JM4-9, L12-13, CD7-9; Photographs K and L: AB10.4, K14) and kaolinite (Photographs I and J: LM1-3; 
Photographs K and L: AB1-A10, AD12-13, DH4-FH13). Microcrystalline crystal growths (Photographs K and L: GH4.9, GH5.1, H11.8) 
occur after the sample has been milled. According to EDS, illite and chlorite (Photographs I and J: BC4-6, G2-3, KL3-4; Photographs K 
and L: CD3-4, EG1-JK7, KL10-14) are the dominant clays within the matrix. The darker portions of the matrix likely represent organic 
material with little to no intermixed clays (Photographs I and J: AB2, B11.2, GH6-7, KL1; Photographs K and L: B9-E14). Nanopores are 
more commonly associated with organic material (Photograph I: A1.5, EF5, FG5, GH5.7, HJ3; Photograph K: LM10.8, M11.8, D1.7, 
CD2.8). Several nanopores are associated with grain boundaries (Photograph I: BC12, AB6.5-7.5, C7.4; Photograph K: BC1, EF2.6-
H4, J7-8). A rare possible intercrystalline nanopore is present at LM5.9 in Photograph K. Pore diameters were measured at 639.1 
nanometers (Photograph I: FG4.2) and 148.2 nanometers (Photograph K: CD2.6). 
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Figure 1. Gas chromatograph of whole oil. The odd-even preference (OEP) of 0.96 suggests a 
marine carbonate oil. The Pr/Ph ratio is 0.67, reflecting a reducing, probably marine, depositional 
environment. 

Figure 2. Gas chromatograph of aromatic hydrocarbon. The Sessions oil of 48.36 mg was fractioned 
into the following weights: saturates (11.8 mg), aromatic (24.02 mg), and NSO (0.22 mg). The 
compositional distribution of the Sessions oil suggests a terrestrial source, although this is unlikely 
based on other data. 

Figure 3. Gas chromatograph of saturated hydrocarbon from the Brown Dense, Sessions # 1 well.
The n-alkane distribution maximizes at n-C16 with low abundance in the high molecular-weight 
region, indicating marine organic matter.
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Figure 4. GCMS analysis of steranes in the saturate fraction of oil. Predominance of C27 steranes 
and the presence of C30 steranes suggest a marine source. 20S/(20S + 20R) and ββ/(ββ + αα) C29 
steranes ratios are 0.55 and 0.53, respectively, indicating that this oil was generated from a mature 
source rock, but not yet in the condensate window.

Figure 5. GCMS analysis of methyl steranes in the saturate fraction of oil . 4-methyl steranes are 
generally associated with marine sources. A series of this biomarker is observed in the Sessions oil. 
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Figure 7. Sesquiterpane fingerprints (m/z 123) by GCMS for the saturate fraction of oil. The occurrence 
of bicyclic sesqiterpanes such as drimane is sometimes reported as terrestrial markers. The drimane in 
the Sessions oil sample is indicative of microbial input to the oil’s source rock.
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Figure 8. Aryl Isoprenoid fingerprints by GCMS for the saturate fraction of oil  A series of aryl isoprenoids 
is observed in the Sessions oil, indicating that deposition of source rock for this oil is associated with 
oceanic anoxic events.
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Figure 9. Carbon isotopic analysis of the 
saturate hydrocarbon. δ13C value of the  
saturate oil averages -27.6‰ 
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PLATE 4

Low magnification photomicrographs (Photographs A and B) provide an overview of the fabric of the argon-ion milled (AIM) surface. This 
sample consists of a silty/sandy limestone (based on the core description). Quartz grains (CD6, DE7.7, HJ2, JK4.5) are the primary detrital 
grain identified by EDS. Pyrite is identified by the white color (CD9, DE3.9, LM4.9, FG14.9). A possible incipient microstylolite extends from 
FG1.7 to FG14.

Photographs C and D represent a high magnification view of Photographs A and B at F8. Pyrite framboids are easily identified by the framboi-
dal crystal growth and white color (CD7.2, CD13, FG7.7, FG8). Detrital grains identified in these photographs include quartz (A7, B14, 
DE9-13, H2, FG5, J9, K4) and mica (EF1-3, DE4-5, GH14-JK10). A titanium bearing mineral occurs at A11 to A12. Illite and chlorite are asso-
ciated with a possible incipient microstylolite extending from DE1 to FG13. Authigenic kaolinite (F3.4, F7.8) is not common. The fine crystal-
line nature of the calcite is visible in these photographs (AC1-3, BD9-11, KM7-13). Most of the black color in these photographs is likely organ-
ic material (A3.8, GH3.8, CD12.7, HJ11.8, M9.3).

The presence of pores can be evaluated by using the SE image (Photograph C) to identify the white “edge effect” that commonly occurs 
around sharp edges of pore boundaries. Both pores and organic material appear black in BSE images; however, organics lack the white 
“edge effect” associated with pores in the SE images. Pores are sparse in this field of view and include intraparticle micro to nanopores within 
detrital grains (BC7.7, GH10, H9, HJ9.8, KL5.2), microfracture porosity (sampling induced?; M11.7-K13), intercrystalline micro to nanopores 
(LM6.8), and possible nanopores within organic material (GH4.0, HJ11.7, J11.6, JK11.3).

Magnification: A: 400X B: 400X C: 1500X D: 1500X

SAMPLE DEPTH: 7441.30 – 7441.60 FEET

PLATE 7

Low magnification photomicrographs (Photographs A and B) provide an overview of the fabric of the argon-ion milled (AIM) surface. This 
sample consists of a silty limestone (based on the core description). Quartz grains (DE7, GH9, FG6.5. AB13) are the primary detrital grain 
identified by EDS. Pyrite is identified by the white color (FG2.8, KL2.9, JK8.4, L5.8). Organic material is somewhat common (K1.2-4, 
M1-3.5, J12-JK13.6).

Photographs C and D represent a high magnification view of Photographs A and B at F7. Detrital grains include quartz (AB5-8, HM12-14, 
KL1, KM2-3, LM3-7), sodium plagioclase feldspar (FG3-6, GH2-3), and mica (GH5-8, KL3.4-JK6.4). Micrite has likely been replaced to 
very fine sparry calcite (AB9-12, C1-2, C6-8, LM9-12) is the primary authigenic mineral in this sample. Authigenic kaolinite is also present 
(HJ5). Kaolinite has been identified at DE1.5 to DE7.7 by EDS; it is possible that this is a dissolved feldspar that is being altered to kaolinite. 
Pyrite (G3.2, GH4.6, BC12.2, D11) partially replaces organic material (CD2, D10, EF12.5, L8.3-M9). A dolomite rhomb (GH9-10) shows a 
variable shade of gray due to the higher amount of iron in the outer rim. The matrix (FG1-2, FG12-14, EF10) contains intermixed illite and 
chlorite as well as organic material. Debris occurs as a result of sampling (LM2.4, M4.4, LM5.5).

The presence of pores can be evaluated by using the SE image (Photograph C) to identify the white “edge effect” that commonly occurs 
around sharp edges of pore boundaries. Both pores and organic material appear black in BSE images; however, organics lack the white 
“edge effect” associated with pores in the SE images. The micro to nanopores in these photographs appear to be associated with organic 
material (E12.6, EF11.8, FG9.4, GH9.2, KL8.3-M8.8). Intracrystalline micro to nanopores are not common (A10.7, HJ10.7).

Magnification: A: 400X B: 400X C: 1500X D: 1500X
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Rock Mechanics Test and X-Ray Diffraction

Sample
No.

Depth
(ft)

Confining
Pressure

(psi)

Compressive
Strength

(psi)

Static
Young's
Modulus
(x106 psi)

Static
Poisson's

Ratio
YM_BRIT PR_BRIT BRIT

1-5RMV 7379.90 2360 37694 9.43 0.26 120.50 56.8 88.65
1-44RMV 7418.05 2360 43214 7.88 0.33 98.23 28.8 63.51
2-7RMV 7441.90 2360 36097 6.58 0.26 79.74 58 68.87

Table 1. Triaxial compressive test data and brittleness index of the Brown Dense. 

Table 2. Ultrasonic velocities and dynamic elastic parameters of the Brown Dense.

ft/sec µsec/ft ft/sec µsec/ft

1-5RMV 7379.90 2360 2.70 21132 47.32 11452 87.32 12.34 0.29 9.90 4.78
1-44RMV 7418.05 2360 2.73 19258 51.93 10343 96.69 10.21 0.30 8.39 3.93
2-7RMV 7441.90 2360 2.66 18848 53.06 10629 94.08 10.27 0.27 7.34 4.05

Bulk 
Modulus 
(x106 psi)

Shear 
Modulus 
(x106 psi)

Sample
No.

Depth
(ft)

Confining
Pressure

(psi)

Bulk
Density
(g/cc)

Ultrasonic Wave Velocity Dynamic Elastic Parameter

Compressional Shear Young's 
Modulus 
(x106 psi)

Poisson'
s

Ratio

Figure 1.  A cross plot of Young’s modulus and Poisson’s ratio of the Brown Dense, showing the brittleness 
percentage increasing to the lower left corner of the plot.

 

Sample Sample
Number Depth (ft) Chlorite Kaolinite Illite/Mica Mx I/S* Calcite Dolomite1 Siderite Quartz K-spar Plag. Pyrite Barite Clays Carb. Other
1-5RMV 7379.90 Tr Tr 1 Tr 97 Tr Tr 2 Tr Tr Tr 0 1 97 2

1-44RMV 7418.05 Tr Tr 1 Tr 97 Tr Tr 2 Tr Tr Tr 0 1 97 2
2-7RMV 7441.90 Tr 2 13 4 31 18 Tr 26 Tr 3 3 0 19 49 32

Average Tr 1 5 1 75 6 Tr 10 Tr 1 1 0 7 81 12

CLAYS CARBONATES OTHER MINERALS TOTALS

* Ordered interstratified mixed-layer illite/smectite; Approximately 10-20% expandable interlayers.
1 Dolomite species interpretation based on the d-spacing of the highest intensity peak of dolomite 
  group minerals; other dolomite species may be present.          

Table 3. X-ray diffraction (wt. %) data of the Brown Dense.

Geochemical characterization based on biomarker components and isotopic data was 
used to characterize the crude oil from the Brown Dense Mudstone in the Sessions #1 
well. The depositional environment parameters indicate the Sessions oil was derived 
from a carbonate source rock with little significant terrestrial organic matter contribution 
and deposited in a marine environment under highly reducing, anoxic conditions. The 
thermal maturity parameters suggest that the Sessions oil was generated from a source 
rock in the oil window, but not yet in the condensate window.

Figure 2. Dynamic to static Young’s modulus correlation. Brittle shales typically have a lower dynamic 
to static Young’s modulus ratio than ductile shales. Static Young’s modulus in excess of 3.5 x 10^6 
psi is typical of brittle shales.

Figure 6. Terpane fingerprints (m/z 191) by GCMS for the saturate fraction of oil. The high values of 
C23 tricyclic and C24 tetracyclic terpanes are typical of oils being generated by a carbonate source 
rock. High C29/C30 hopanes ratio (>1) indicates the oil sample was generated from carbonate 
source rocks. The relatively high C35 homohopanes concentration suggests a highly reducing 
marine environment. 17α (H)22S/(22S + 22R) homohopanes ratio of 0.59 and Ts/(Ts + Tm) ratio of 
0.55 suggest that the oil reached equilibrium for oil window.

Plate 2 (see accompanying manuscript)


