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Abstract 
 
New techniques and applications of organic petrography and spectroscopy have provided a better 
understanding of shale reservoir properties. For example, ion milling has circumvented pitfalls inherent to 
the mechanical polishing of soft organic matter during sample preparation, allowing observation of shale 
porosity characteristics at micron- to nanometer-length scales. Scanning electron microscopy (SEM) of 
these features has provided ultra-high spatial resolution and revealed new insight into hydrocarbon 
generation, expulsion, migration and storage processes, though SEM imaging suffers from the inability to 
distinguish or identify organic matter types. Therefore, informed modern organic petrography requires 
correlative light and electron microscopy (CLEM) or integration of these imaging techniques in a single 
instrument (integrated CLEM or iCLEM). Atomic force microscopy combined with infrared spectroscopy 
(AFM-IR) reveals shale geochemical and geomechanical characteristics at unprecedented resolutions of 
~100 nm. In this extended abstract, we review several recent USGS projects which touch on elements of 
these organic petrography techniques and applications in unconventional reservoirs. 
 
Background 
 
Organic matter in unconventional reservoirs is thought to exert a dominant control on multiple petroleum 
system processes including generation, expulsion, migration and storage of hydrocarbons (Katz and 
Arango, 2018; Löhr et al., 2015). In particular, the observation that shale organic matter may contain an 
interconnected pore system at the nano-scale (Loucks et al., 2009) has resulted in increased application 
of scanning electron microscopy (SEM) and other organic petrography studies to shale petroleum 
systems over the last decade (Hackley and Cardott, 2016). The depositional origin of oil- and gas-prone 
organic matter in shale as primary sedimentary particles or layers is clear; however, our knowledge of the 
processes governing in situ molecular transformation of that sedimentary organic matter to petroleum 
remains incomplete. Many studies have shown that organic matter in thermally mature shale petroleum 
systems dominantly is solid bitumen (Hackley, 2017; Hackley and Cardott, 2016; Mastalerz et al., 2018; 
Misch et al., 2019). The solid bitumen is a residue from conversion of oil-prone sedimentary organic 
matter to petroleum (Jacob, 1989). It is also the in situ conversion of primary sedimentary organic matter 
to solid bitumen which controls the development of organic nano-porosity in organic-rich source rock 
reservoirs (Katz and Arango, 2018). Thus, this transformation ultimately is responsible for petroleum 
generation and expulsion and plays a critical role in the evolution of reservoir properties important to 
hydrocarbon migration and storage. Because removal of organic matter from the rock matrix results in 
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loss of textural context, characterization of shale organic matter via in situ application of petrographic 
tools is critical to understanding unconventional reservoirs. 
 
Objective 
 
In this extended abstract, we outline the recent application of several high-resolution petrographic tools 
and new techniques in organic petrography to show how their use has improved our understanding of the 
transformation of sedimentary organic matter to petroleum in unconventional reservoir systems. We use 
examples from three USGS projects and ongoing work stemming from these investigations: 1. a 
systematic look at the effect of broad ion beam milling on sedimentary organic matter (Valentine et al., 
2019), 2. the application of integrated correlative light and electron microscopy (iCLEM) to shale organic 
matter (Hackley et al., 2017a), and 3. the use of nano-infrared (nano-IR) microscopy to measure shale 
organic matter chemical and mechanical properties (Yang et al., 2017). 
 
Materials and methods 
 
Herein we discuss completed studies from a wide selection of unconventional reservoirs. We focus on 
studies which demonstrate new petrographic techniques (including sample preparation). The samples 
and descriptions of the techniques and applications are given in the following section. 
 

Results and discussion 
 

Central to imaging studies of shale organic matter is the use of broad ion beam (BIB) milling to produce 
flat sample surfaces and avoid mechanical distortions of soft organic matter (Valentine et al., 2019). 
There is general consensus that ion milling is required to characterize organic porosity (Bernard and 
Horsfield, 2014). However, several studies have drawn attention to the fact that the reflectance of organic 
matter typically increases after milling, suggesting ion milling may induce thermal alteration of the sample 
surface (Mastalerz and Schieber, 2017; Sanei and Ardakani, 2016). Others have attributed ion milling-
induced reflectance increase instead to increased surface flatness (Grobe et al., 2017) which creates a 
greater component of specular reflectance (Valentine et al., 2019). Figure 1A illustrates a benchtop BIB 
milling device and Figures 1B-C show the increase in reflectance caused by BIB milling of amorphous 
organic matter (AOM) in immature Kimmeridge Clay Formation. Previous workers measured an apparent 
increase in solid bitumen abundance following ion milling and attributed this change to BIB-induced 
thermal maturation and conversion of AOM to petroleum (Katz and Arango, 2018). However, we 
speculate that flatter post-milling surfaces of AOM are responsible for its mistaken identification as solid 
bitumen. In Figure 1D, we show a three-dimensional example of the reduction in surface roughness (as 
measured by atomic force microscopy, AFM) caused by milling-induced surface erosion of organic matter 
in immature Boquillas Formation (updip equivalent of Eagle Ford Formation). We infer that it is this 
reduction in surface roughness that causes organic reflectance increase to occur. Figure 1E illustrates 
(via Raman spectroscopy analysis) similarities in Raman band separation (a proxy for aromaticity) in the 
same locations pre- and post-milling in organic matter of immature Alum Shale. These data show that no 
detectable increase in aromaticity has occurred between measurements of the same locations pre- and 
post-ion milling and are interpreted to indicate the absence of milling-induced thermal alteration. Our 
ongoing work is systematically examining organic surface roughness and molecular composition of the 
same locations pre- and post-BIB milling via reflectance, AFM, Raman and infrared (IR) spectroscopy. 
The overall goal of this work is to test our hypothesis that BIB milling, used with appropriate conditions 
(low voltage, short mill times, low gun angle), does not induce sample thermal alteration. 
 
The application of BIB milling to shale organic matter has allowed SEM observation of an interconnected 
porosity network in thermally mature shales (Chalmers et al., 2012; Curtis et al., 2012). However, SEM 
lacks the ability to distinguish solid bitumen from kerogen or to differentiate kerogen types (Hackley and 
Cardott, 2016), preventing consensus about the thermal regime and types of organic matter in which 
organic nano-porosity develops. Increased application of correlative light and electron microscopy 
(CLEM) techniques has helped shed some light (and electrons) on this topic (Liu et al., 2017); however, 
these studies are labor-intensive and require sample mapping and transfer between instruments with 
resultant issues for field relocation and reorientation. We applied an integrated CLEM technique (iCLEM) 
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where both imaging modalities were applied sequentially in the same instrument without need for sample 
transfer (Hackley et al., 2017a). Figure 2 illustrates the application of this technique on the immature 
Mahogany Zone oil shale from the Green River Formation. Figures 2A-F show progressively increasing 
magnification views of a single microscope field imaged with varying proportions of fluorescence and 
electron component. In this way, we were able to show euhedral crystal terminations project into both 
solid bitumen and AOM (Figures 2E-F). This texture is called ‘embayment’ and is used by SEM 
petrographers to identify solid bitumen that has migrated into open void spaces (Loucks and Reed, 2014). 
However, our work shows that the embayment texture is not limited to solid bitumen and also is present in 
primary sedimentary organic matter (the AOM), sometimes even in the same microscope field. For this 
initial work we used integrated correlative light (fluorescence) and electron microscopy; our next project 
will use reflected light under oil immersion integrated with electron microscopy. Preliminary work in this 
direction has included sample preparation as thin (400-500 nm) foils (~5 x 15 μm, Figures 2G-H), which 
are placed onto 50-nm thick electron-transparent silicon nitride windows (Figure 2I). In this way, electrons 
will image through the Si nitride window while reflected light (under oil immersion) will image organic 
matter from the opposite side. This approach should allow identification of organic matter at micro-scale 
(via light) and imaging of organic porosity at nano-scale (via electrons). 
 
The final application described herein is the use of nano-IR, a recent instrument innovation which 
combines AFM and IR spectroscopy to provide chemical and mechanical mapping at very high 
resolutions. An AFM probe tip with a radius <25 nm is placed in contact with the sample while the region 
of interest is simultaneously irradiated with a tunable IR laser. Thermal expansion of the sample due to 
the IR irradiation is then recorded by movement of the AFM cantilever. While previous conventional 
micro-Fourier transform infrared (micro-FTIR) studies have evaluated in situ chemical evolution with 
thermal advance (e.g., Hackley et al., 2017b and references therein), micro-FTIR analyses are limited to a 
practical minimum spatial resolution of approximately 20 x 20 μm, preventing robust analysis in fine-
grained shale. In contrast, nano-IR can produce meaningful chemical information with ~100 nm 
resolution, although, in our experience, 1-2 μm resolution is more typical for shale organic matter. In 
Figure 3 we illustrate the application of nano-IR to New Albany Shale, and demonstrate the ability of this 
technology to collect chemical and mechanical information at high resolutions (Yang et al., 2017). Figure 
3A shows an optical image of the terrestrial maceral inertinite whereas 3B illustrates its topographic relief. 
Figure 3C indicates the relative abundance of aliphatic carbon-hydrogen (C-H) stretching by mapping 
methylene (-CH2) absorbance at 2920 cm-1 (solid bitumen shows greater C-H abundance than inertinite), 
whereas Figure 3D illustrates mechanical stiffness in the same field showing relative stiffness of inertinite 
relative to softer, more pliable solid bitumen. Figures 3E-G illustrate stiffness maps for inertinite, solid 
bitumen and Tasmanites, respectively, whereas Figures 3H-J show histograms indicating a progressive 
decrease in mechanical stiffness for the three macerals. The ability of the nano-IR tool to resolve in situ 
chemical and mechanical differences between macerals located only several microns apart (e.g., Figures 
3C-D) is unprecedented and certain to open new directions of study in shale petroleum systems. For 
example, we currently are applying this tool to resolve expulsion fractionation effects in shale organic 
matter chemistry on micro-scale transects between source and reservoir layers in Ordovician kukersite 
from the Stonewall Formation (Jubb et al., 2019). 
 
Other Innovations and Future Directions 
 

While we have shared three brief examples of our work using new techniques and applications of organic 
petrography and spectroscopy to provide insights for shale petroleum systems, other innovative 
petrographic methods are emerging. For example, time-of-flight secondary ion mass spectrometry (TOF-
SIMS) can produce ion maps with sub-micron spatial resolution and has been used to show that the 
dominant ion species in oil-prone kerogen is C2H3O2+ at m/z 59, consistent with results from other in situ 
analyses. Synchrotron approaches such as scanning transmission X-ray microscopy (STXM) combined 
with carbon X-ray absorption near-edge structure (C-XANES) spectroscopy can spatially resolve carbon 
molecular environments at sub-micron scales; several researchers have applied this in situ technique to 
determine carbon speciation in shale organic matter. Additionally, the application of confocal laser 
scanning microscopy (CLSM) allows non-destructive, high-resolution 3-D imaging of in situ sedimentary 
organic matter and improves our understanding of compositional and microstructural controls on organic 
fluorescence. Applications of these petrographic and spectroscopic techniques highlight areas of new 
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understanding in the properties of organic matter and their impacts on unconventional reservoir 
properties. 
 
Disclaimer 
 
Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement 
by the U.S. Government. 

 

 
Figure 1: A. Brett Valentine with a Fischione broad ion beam (BIB) mill at USGS. B-C. Kimmeridge Clay Formation showing the same 
field before (B) and after (C) BIB milling of amorphous organic matter. D. 3-D atomic force microscopy (AFM) analysis before and after 
BIB milling of solid bitumen filling foraminifera chamber. Inset images are optical photomicrographs under white incident light 
illumination at 500× magnification; the sample is from the Boquillas Formation near Del Rio, Texas (updip equivalent of the Eagle Ford 
Formation). Solid bitumen (BRo) measurements change from 0.39% BRo (before milling) to 0.55% BRo (after milling). From Valentine 
et al. (2019). E. Raman band separation (proxy for aromaticity) showing no systematic change for measurements collected in the same 
locations on solid bitumen in Alum Shale pre- and post-ion milling. Dashed red trace indicates one-to-one line. 
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Figure 2. iCLEM images of Mahogany Zone carbonate concretion margin showing cathodoluminescence response (in pinkish-red). A. 
Wide-field false color fluorescence image with 50:50 FM to SEM region of interest overlay with cathodoluminescence detection area 
shown by red rectangle. B. 80% fluorescence:20% SEM-cathodoluminescence zoom-in. C. 50:50 view of zoom-in area. D. 100% SEM 
view of zoom-in area. E. Further zoom-in showing 70% fluorescence:30% SEM. Red arrows point to non-luminescent euhedral crystal 
overgrowths projecting into high fluorescence intensity amorphous organic matter (AOM), whereas dark blue arrow points to 
nonfluorescent solid hydrocarbon embayed by euhedral terminations. F. Same field as E with 100% SEM view. From Hackley et al. 
(2017a). G. Foil excavated and polished by focused ion beam (FIB) for use in future iCLEM experiments. H. Oblique in situ view of foil 
in G showing organic nano-porosity (red arrow). I. Foil (red arrow) on 1 mm CLEM membrane after lift-out; view is down binocular 
microscope ocular. 
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