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ARTICLE INFO ABSTRACT

Keywords: This work investigates bituminite (amorphous sedimentary organic matter) in Upper Jurassic Kimmeridge Clay
Bituminite ) ) source rock via confocal laser scanning microscopy (CLSM) and atomic force microscopy (AFM). These petro-
Confocal laser scanning microscopy graphic tools were used to provide better understanding of the nature of bituminite, which has been historically

Atomic force microscopy
Organic petrology
Thermal maturity

difficult to identify and differentiate from similar organic matter types in source rocks. As part of an International
Committee for Coal and Organic Petrology (ICCP) working group, an immature (0.42% vitrinite reflectance),
organic-rich (44.1 wt% total organic carbon content) sample of Kimmeridge Clay was distributed to multiple
laboratories for CLSM characterization. The primary observations from CLSM imaging and spectroscopy include:
1) the interpreted presence of Botryococcus algae as a contributor to bituminite precursors; 2) color red-shift of
sulfide reflectance and bituminite auto-fluorescence from below the sample surface; 3) positive alteration of
bituminite from laser-induced photo-oxidation of the sample surface, including fluorescence blue-shift; 4)
fluorescence blue-shift associated to higher fluorescence intensity regions in bituminite indicative of composi-
tional (fluorophore) differences; 5) the need for fluorescence spectroscopy standardization as applied via CLSM;
and 6) the suitability of CLSM fluorescence spectroscopy to predict solid bitumen reflectance from bituminite
spectral emission via calibration to an extant dataset. Secondary CLSM observations include detection of re-
flected laser light from highly reflective inclusions in bituminite, including sulfides and fusinite, and radiolytic
alteration of bituminite caused by substitution of U for Fe in sulfides. Findings from AFM include the observation
that surface roughening or surface flattening of bituminite are induced by differential broad ion beam (BIB)
milling and are dependent on the location and scale of AFM topology measurement. This result highlights our
still limited understanding of the effects of BIB milling on sedimentary organic matter and indicates the need for
further research before this technique can be advanced as a standard practice in petrographic sample prepara-
tion. Collectively, the results of this study illustrate the general applicability and versatility of AFM and CLSM as
tools for organic petrology research, specifically for better understanding of the nature and properties of the
bituminite maceral.

1. Introduction petrographers to its accepted description, bituminite has been histori-
cally difficult to identify reproducibly in interlaboratory studies (Kus

Bituminite is unstructured (amorphous) sedimentary organic matter et al., 2017). Nevertheless, its characterization is important in a petro-
with no specific or distinct form (Pickel et al., 2017; Taylor et al., 1998). leum systems context, as its hydrogen-rich nature means that it typically
Because of the absence of form, and the general infidelity of organic constitutes the primary contribution to hydrocarbon generation from
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oil-prone source rocks during thermal advance (Hutton et al., 1980;
Teichmiiller, 1974a). This oil-prone character is suggested by its name
(Teichmiiller, 1971) and its primary source as preserved lipids from
algal and bacterial organic matter (Boussafir et al., 1995; Hutton et al.,
1994), although a range of other precursor organisms have been sug-
gested including humic plant derivatives, fungi and higher animals
[summarized in Pickel et al., 2017].

Bituminite is a maceral in the liptinite group, and a common
component of the organic matter fraction in unconsolidated sediments
or in immature to marginally mature petroleum source rocks. In white
light under oil immersion, bituminite occurs typically as black, dark
brown, or reddish tinted, poorly-reflecting organic matter with red in-
ternal reflections and common mineral inclusions, and texturally as
wispy or ropy laminae, irregular streaks and threads (Botz et al., 2007;
Boucsein and Stein, 2009; Eble, 2012; Fishman et al., 2012; Gerslova
et al., 2015; Hackley et al., 2016; Hackley and SanFilipo, 2016; Kolonic
et al., 2002; Kus et al., 2017; Nowak, 2007; Pickel et al., 2017; Rimmer
et al., 2004; Ross and Bustin, 2006; Stasiuk, 1993; Stasiuk and Goodarzi,
1988; Synnott et al., 2017; Tao et al., 2012; Taylor et al., 1991; Teng
etal., 2021). Its fluorescence character is variable, ranging from brightly
fluorescent to non-fluorescent (Pickel et al., 2017; Powell et al., 1982;
Teichmiiller and Ottenjann, 1977). Several workers have attempted to
subdivide bituminite types into a classification scheme based on its
optical properties, e.g., reflectance, color, and fluorescence character
(Creaney, 1980; Mukhopadhyay et al., 1985; Teichmiiller and Otten-
jann, 1977; van Gijzel, 1981). However, the wide variation in presen-
tation of the optical properties of bituminite is responsible for difficulties
in its reproducible identification. Using the results of three interlabor-
atory studies, Kus et al. (2017) found that identification of bituminite
was inhibited for three primary reasons: (1) similarity and association to
liptinite maceral lamalginite; (2) similarity and association with fluo-
rescent mineral bituminous groundmass (a variable mixture of fine-
grained organic and inorganic material); and (3) lack of a ‘fine gran-
ular texture,” which has been cited as a typical identifying feature of
bituminite (Taylor et al., 1998). The association of bituminite with
lamalginite and mineral bituminous groundmass was further examined
by Hackley et al. (2018), who suggested that bituminite occurs in a
continuum with mineral bituminous groundmass subject to the relative
degree of mineral dilution, and in a continuum with lamalginite subject
to the relative degree of bacterial or oxidative degradation. Further-
more, Hackley et al. (2018) suggested bituminite occurs in continuum
with petrographic solid bitumen (a solid petroleum) subject to the
relative degree of thermal advance. This continuum (between the
organic components bituminite, lamalginite, mineral bituminous
groundmass, and solid bitumen) may manifest within a single micro-
scope field, illustrating the relative complexity of source rock organic
petrology and suggesting that state-of-the-art microscopy tools are
necessary to increase the pace of innovation in this field.

Confocal laser scanning microscopy (CLSM) and atomic force mi-
croscopy (AFM) are advanced microscopy techniques with increasing
applications for organic petrology investigations over the last decade
(Hackley et al., 2021; Kus, 2015; Wang et al., 2021). CLSM detects
fluorescence response from a sample by rastering a laser over the scan
area and using a spatial pinhole to discard out of focus light (Webb,
1996). This technique has multiple applications in organic petrology
and geobiology, including two-dimensional imaging (Kus, 2015; Nix and
Feist-Burkhardt, 2003; Stasiuk, 1999; Stasiuk and Sanei, 2001), three-
dimensional imaging (Czaja et al., 2016; Schopf and Kudryavtsev,
2009; Schopf et al., 2010; Schopf et al., 2011; Schopf et al., 2016), and
fluorescence spectroscopy (Hackley et al., 2020a; Hackley and Kus,
2015; Kus et al., 2016). AFM utilizes a fine-tipped cantilever, the
movement of which is monitored by a laser as it experiences surface
force interactions with the sample (Binnig et al., 1986). The AFM is
operated in several modes (contact, tapping, non-contact), which
generate multiple data output formats (e.g., topology, elasticity, hard-
ness, adhesion, surface charge density) that are useful for organic
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petrology and geobiology investigations (Eliyahu et al., 2015; Emma-
nuel et al., 2016; Hackley et al., 2020b; Kempe et al., 2002; Pacton et al.,
2007).

Herein, we present information from AFM and CLSM analyses of
bituminite in a sample of the Upper Jurassic Kimmeridge Clay Forma-
tion. The work was conducted under the auspices of the International
Committee for Coal and Organic Petrology (ICCP) within a working
group tasked with the general objective to investigate current applica-
tions of CLSM to organic petrology investigations. Bituminite was
selected as the object of study due to the known historical issues with its
identification and characterization (Kus et al., 2017), and because of
complementary ongoing work in other ICCP working groups. A
bituminite-rich sample from the Blackstone layer of the Kimmeridge
Clay Formation (Boussafir et al., 1995; Williams and Douglas, 1980),
which had been previously characterized for other works (Birdwell and
Washburn, 2015; Bolin et al., 2016; Hackley et al., 2018; Valentine et al.,
2019), was selected as the object of study. The motivation for this work
was to highlight the types of information that advanced microscopy
tools such as CLSM and AFM can generate and apply to understanding
the nature of bituminite; for example, the determination of approximate
thermal maturity via fluorescence spectroscopy.

2. Materials and methods
2.1. Sample

The Upper Jurassic Kimmeridge Clay Formation sample (sample ID
KC-1) studied herein was collected from the Blackstone oil shale layer on
the Dorset coast of southern England in the Wessex Basin (coordinates
50.5975, —2.0930), near the town of Kimmeridge, between Kimmeridge
Bay and Chapmans Pool. The sample contains approximately 44 wt%
total organic carbon content (Hackley et al., 2018), mostly comprised of
fluorescent bituminite.

2.2. Sample preparation

The KC-1 sample was prepared via typical procedures (ASTM,
2015a) in a thermoplastic whole-rock mount and mechanically polished
to a finish of 0.05 pum, prior to distribution. Kerogen isolation to separate
bituminite from mineral matrix was performed using standard non-
oxidative procedures according to Mendonca Filho et al. (2017).
Briefly, each sample was crushed to approximately 2 mm size and sub-
jected to an acid treatment to remove carbonates (HCl 37% for 18 h),
silicates (HF 40% for 24 h), and neoformed fluorides (HCl 37% for 3 h).
Between each acid treatment, the pH of the residue was neutralized with
filtered water. Organic and non-organic fractions were separated by
flotation using ZnCl, (density = 1.9 to 2 g/cm®). The organic fraction
was recovered, and the heavy liquid was eliminated using drops of HCL
(10%) followed by a wash with filtered water. The isolated kerogen was
sieved at 10 pm. Strew slides and kerogen concentrate mounts were
prepared via typical procedures (e.g., Tyson, 1995). Broad ion beam
milling of the mechanically polished sample used two approaches: 1) a
Hitachi IM 4000 Plus ion mill operated for 5 min, using 4 keV;
15°incline; 360° rotation at 25 rpm; 100% focus (1.5 kV discharge;
~100 pA), and 2) an E.A. Fischione 1060 ion mill operated with beam
conditions of 6 keV, 2° gun angle, 175° rotation at 3 rpm, 50% focus, for
30 min.

2.3. Organic petrography

The organic petrography of the KC-1 sample has been summarized in
previous work (Hackley et al., 2018; Valentine et al., 2019) but is briefly
revisited here for context. Qualitative organic petrography analysis (at
U.S. Geological Survey, USGS) was conducted on Zeiss Axiolmager or
Leica DM 4000 microscopes using 50x oil immersion objectives under
incident white light or epi-fluorescence. Bituminite has a reddish tint (in
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incident white light; Fig. 1A) and lacks a gray reflecting surface after
typical mechanical polish (to a finish of 0.05 pm). Dispersed terrigenous
inertinite is common and vitrinite is present in trace amounts. Scattered
sporinite and discrete telalginite bodies are sparse. Some micrinite is
present from early conversion of the bituminite (Teichmiiller, 1974b), or
due to diffuse light scattering from dispersed clay minerals (Faraj and
Mackinnon, 1993). Radiation alteration halos are present as zones of
red-shifted and diminished fluorescence intensity (Zheng et al., 2021)
surrounding heavy minerals (?) and sulfides embedded in the bituminite
(Fig. 1B). Although radiolytic damage to sedimentary organic matter
usually causes an increase of organic reflectance (e.g., Luo et al., 2014;
Machovic et al., 2021), this effect was not observed in bituminite.
Reflectance measurements (at USGS) were completed on a Leica DM
4000 microscope with LED illumination and a monochrome camera for
light detection operated by the computer program DISKUS-FOSSIL from
Hilgers Technisches Buero. Calibration of the microscope used a
yttrium-aluminum-garnet (YAG) reflectance standard (0.908% R,) from
Klein & Becker. Mean reflectance determined via ASTM 7708 (ASTM,
2015b) of scarce solid bitumen (BR,) is 0.29% (s.d. 0.03, n = 13,
Hackley et al., 2018), whereas mean vitrinite reflectance (VR,) is 0.42%
(s.d. 0.03, n = 13). Mean reflectance of the bituminite is 0.16% (s.d.
0.02, n = 55, Valentine et al., 2019). The relative reflectance values of
vitrinite (0.42%), solid bitumen (0.29%), and bituminite (0.16%) are
consistent with an intuitive correlation to their expected H/C ratios
(Burnham, 2019), although in situ H/C measurements are not available
for the individual macerals. A white to red (in incident white light;
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Fig. 1C) sulfide and its weathering products occur as framboids,
replacing shell (fossilized bone?), and the weathering products (goethite
plus carbonate?) show long wavelength fluorescence (Fig. 1D). Unal-
tered pyrite framboids are common.

2.4. Confocal laser scanning microscopy

Confocal laser scanning microscopy was performed in multiple lab-
oratories using different instrument systems and data collection pa-
rameters. This information is compiled in Table 1 and reiterated in the
results section where appropriate.

2.5. Atomic force microscopy

Atomic force microscopy (AFM) at Hitachi used a Hitachi
AFM5500M system with commercial silicon cantilevers having manu-
facturer nominal values of 10 nm for tip radius, 125 pm length, and 4 N/
m spring constant operated in contact mode. AFM at Keysight used a
Keysight Technologies 9500 AFM operated in AC mode using Nano-
sensors PPP-NCH cantilevers (nominal k = 40 N/m, resonance fre-
quency = 300 kHz). Images were acquired using line scan speeds around
1 Hz at 600 x 600 pixel density. AFM topology data sets were evaluated
for areal root-mean-square surface roughness (Sg), the root mean square
value of the ordinate values of surface height distribution (Gadelmawla
et al.,, 2002; ISO, 2012), calculated by Formula I.
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Fig. 1. Optical photomicrographs of bituminite in the KC-1 sample. A. Bituminite under epi-fluorescence showing radiation halos (decreased fluorescence intensity
emission areas with color red-shift) around heavy minerals (?) and sulfides. B. Same field as A in white light (under oil immersion) showing scattered terrigenous
macerals (vitrinite and inertinite). C. Same field as A-B taken with a monochrome camera showing reflectance values of selected measurement areas. D. Sulfide
altering to oxidation products and replacing bone (?) under incident white light and oil immersion. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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Table 1
Confocal laser scanning microscopy locations and parameters. NA, numerical aperture.
Worker, laboratory Instrument Specifications
Andrew Czaja, Univ. Cincinnati Olympus FluoView 458 Ar laser; 1024 x 1024 pixel resolution; 40 ps/pixel; 4x digital zoom, 60x 1.42 NA oil obj.
1000

Jolanta Kus, BGR Leica TCS SP5

458, 496, 633 nm lasers; 455-492 nm, 499-629 nm, 636-800 nm detection; 1024 x 1024 pixel resolution; 10 Hz;

AOBS variable digital zoom; 63x 1.4 NA oil obj.

Paul Hackley, Univ. Maryland Leica DMi8 SP8 405 diode laser; xyh scan; 415-725 nm detection; 1024 x 1024 pixel resolution; 8-bit color; 10 nm unidirectional scan
AOTF steps; 400 Hz; 1 accumulation; 1 Airy unit; 63.0x 1.40 NA oil obj.

Angeles Borrego, INCAR Leica SP5X 405 diode laser; xyA scan.

1 Ne o Ny

T\, 2 27 ) o

where Ny and N, are numbers of points on the X and Y axes of each
topology data set and z is height (ISO, 2012). Lower values of Sq indicate
flatter surfaces.
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3. Results and discussion
3.1. CLSM imaging

CLSM imaging at University of Cincinnati reveals that bituminite
groundmass hosts multiple other macerals and minerals (Fig. 2).

An important observation is the distinction in fluorescence color and
emission intensity between terrigenous sporinite (?) (green, high in-
tensity) and adjacent marine bituminite (yellow, lower intensity).

A pyrite
sporinite (27
iSertinite~>
bituminite
A pyrite
inertinite>

bituminite
A Pyrite

D
bituminite bituminite
A pyrite

pyrite

inertinite-»
sporinite (?)”7
bituminite ; )
bituminite

inerfinite» pyrite

Fig. 2. Optical and 3-channel false color confocal laser scanning microscopy (CLSM) photomicrographs of bituminite in KC-1 sample from Univ. Cincinnati imaging.
A. Optical image (dry 50x LWD objective) showing bituminite, pyrite, inertinite, and sporinite (?). B. Same field as A imaged via CLSM showing yellow fluorescence
of bituminite, green fluorescence of sporinite (?) and blue laser (458 nm) reflection from pyrite. C. Optical image (dry objective) showing bituminite, pyrite,
inertinite, and sporinite (?). D. Same field as C imaged via CLSM showing yellow fluorescence of bituminite, green fluorescence of sporinite (?) and blue laser
reflection from pyrite. Note inability to differentiate sporinite (?) from bituminite in optical images A and C and the fluorescence color contrast of sporinite and
bituminite in CLSM images B and D. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Radiation damage halos are present in both CLSM images (Fig. 2B, D), as
indicated by a decrease in bituminite fluorescence intensity and redshift,
the same as noted in conventional fluorescence imaging (Fig. 1B). Also
of note is the Ar laser (458 nm) reflection from pyrite using a 480-495
bandpass filter (Fig. 2B, D). Each CLSM image is a 3-channel composite
as shown in Fig. 3; the blue color of pyrite appears to be due to
incomplete blocking of 458 nm reflected laser light by the 480-495 nm
bandpass filter in the cyan color channel.

CLSM imaging at BGR revealed a similar maceral assemblage as
discussed above: bituminite (Fig. 4A-D), telalginite (Fig. 4A, C), iner-
tinite (fusinite, Fig. 4B), and sporinite (Fig. 4A, C). As noted from con-
ventional fluorescence microscopy, radiation halos occurring around
blue-reflecting sulfide, or its oxidized replacement (noted by a
decrease in fluorescence emission intensity and red-shift, Fig. 4B, D),
may suggest some U substitution for Fe. Reflection of the blue laser line
from highly reflective sulfides, as interpreted from the University of
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Cincinnati imaging (Fig. 2B, D; Fig. 3), is confirmed in the BGR imaging,
which also shows blue laser reflection from highly reflective fusinite
with distinct ‘bogen’ (ICCP, 2001) structure (Fig. 4B). The capture of
reflected laser light at the detector in two different CLSM systems in this
study suggests careful attention is necessary in the selection of filter
combinations to avoid artifacts, particularly if the field of interest con-
tains highly reflective subjects.

In contrast to the sporinite (?) identified in the University of Cin-
cinnati images, sporinite in BGR images is interpreted to have red-
shifted and lower fluorescence intensity emission compared to telal-
ginite (Fig. 4A, C). We note that identification of structured sporinite as
an included organic component or organic inclusion in bituminite
highlights the improved imaging resolution offered by CLSM over con-
ventional epi-fluorescence. Also identified in the BGR images is the
presence of non-fluorescent coccospheres (Fig. 4D), as documented by
previous workers (Lees et al., 2006; Lees et al., 2004). Some diagenetic

Fig. 3. Three-channel construction of confocal laser scanning false color fluorescence composite images of bituminite in the KC-1 sample from University of Cin-
cinnati imaging. Cyan: 458 nm Ar laser, 480-495 bandpass filter. Green: 458 nm Ar laser, 535-565 bandpass filter. Red: 635 nm diode laser, 655-755 bandpass filter.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Three-channel construction of confocal laser scanning microscopy (CLSM) false color fluorescence composite photomicrographs of bituminite in KC-1 sample
from BGR imaging. A. Bituminite with inclusions of pyrite, telalginite, and sporinite. B. Bituminite with ‘bogen’ structure fusinite inclusion. C. Bituminite with
inclusions of pyrite, telalginite, and sporinite. D. Bituminite with coccosphere and pyrite inclusions. CLSM images captured with oil objective 63x and 1.40 NA by
application of Ar and HeNe-lasers (excitation with 458 nm, 496 nm, and 633 nm laser lines; voxel-width: A: 114.1 nm; B: 101.7 nm; C: 90.6 nm; D: 75.4 nm; scan

format 1024 x 1024 pixels; digital zoom at 2.4, bidirectional scanning).

pyritization of individual coccospheres is evident as blue reflections
from sulfide (Fig. 5A, B). Fluorescence imaging of bituminite from
approximately 1.5 pm below the sample surface (Fig. 5C) shows a
discrete red-shift in emission compared to the sample surface. Reflection
(not autofluorescence) from subsurface sulfide framboids also shows
red-shift with greater frequency of green (as opposed to blue) light
imaged (Fig. 5C), possibly because more of the emitted photon energy is
lost to frictional interaction as it passes through the sample. The fluo-
rescence red-shift of bituminite and reflectance red-shift of pyrite can be
visually compared between Fig. 5C, where bituminite and pyrite below
the sample surface are red-shifted, and Fig. 5D, where bituminite in the
sample surface is relatively blue-shifted, and some pyrite just below the
sample surface reflects in green wavelengths compared to blue re-
flections at the sample surface.

An important observation in the BGR imaging is the presence of
organic matter with morphology suggestive of remnants of Botryococcus

(Fig. 6A), a freshwater (Metzger and Largeau, 2005; Rao et al., 2007;
Vandenbroucke and Largeau, 2007) to brackish, moderate-salinity green
alga. The living form of Botryococcus braunii has been reported to occur
in freshwater as well as in saltwater conditions (Masters, 1971). The
interpreted presence of a moderate-salinity alga in the marine (Boussafir
et al., 1995; Fishman et al., 2012; Tribovillard et al., 1994) Kimmeridge
Clay Formation is contradictory, and, if correct, implies proximal
deposition, such as an estuarine setting, where transported moderate-
salinity algae may have accumulated. Nevertheless, the morphological
preservation of Botryococcus-like organic matter is well-documented in
Fig. 6A-B, including an example of unambiguous Botryococcus (from
(Kus, 2015), from Visean lignite, Russia) for comparison in the inset of
Fig. 6B. The visual similarity of branches and top and side openings is
striking. Fig. 6A-B also provide comparison of the sample surface
(Fig. 6A) and a focal plane from 2 to 3 pm below the surface (Fig. 6B),
allowing further visual confirmation of fluorescence red-shift from
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Fig. 5. Confocal laser scanning microscopy (CLSM) photomicrographs of KC-1 sample from BGR imaging. A. Botryococcus (?) freshwater alga and coccospheres in
bituminite. B. Coccospheres (some with pyritic replacement) in bituminite. C. Red-shifted fluorescence of bituminite and reflection from pyrite approximately 1.5 pm
below the sample surface. D. Radiation halos surrounding blue-laser reflecting pyrite framboids, with some red-shifted reflection from pyrite slightly below surface.
CLSM photomicrographs captured with oil objective 63x and 1.40 NA by application of Ar and HeNe-lasers (excitation with 458 nm, 496 nm, and 633 nm laser lines;
voxel-width: A: 50.4 nm; B: 121.8 nm; C: 240.5 nm; D: 113.7 nm; scan format 1024 x 1024 pixels; digital zoom at 2.4, bidirectional scanning). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

bituminite below the surface, and reflectance red-shift from pyrite below
the surface. If the interpretation of preserved Botryococcus morphology
is correct, it may suggest that transitional states between remnant
Botryococcus and unfigured bituminite also may be present. Possible
transitional states are indicated in the images of Fig. 6C-D, which
include suggestions of preserved mottled structures, and blue-shifted
areas which may be poorly preserved remnants of individual Botryo-
coccus branches. The potential identification of structured Botryococcus
remnants as a constituent of overall unstructured bituminite via CLSM
again points to an improved visualization over conventional epi-
fluorescence, and further highlights the importance of this high reso-
lution and three-dimensional (3-D) imaging approach for organic
petrology investigation and paleoenvironmental reconstruction.

3.2. CLSM spectroscopy

CLSM imaging and spectroscopy of the bituminite in the kerogen
concentrate sample of KC-1 (Fig. 7A) at INCAR indicated the wavelength
of maximum emission (Ayax) Was approximately 562 nm (Fig. 7B). The
kerogen concentrate contains other organic matter types, e.g., terrige-
nous macerals; however, the CLSM spectroscopy investigation specif-
ically probed bituminite as documented in Fig. 7A and C. Using the
empirical calibration of Hackley and Kus (2015), 562 nm converts to an
equivalent BR,, value of 0.52%, significantly higher than either of the
measured BR, or VR, values reported herein (0.29% and 0.42%,
respectively). However, the calibration of Hackley and Kus (2015) was
determined for Tasmanites telalginite and solid bitumen in Upper
Devonian shale of the foreland Appalachian Basin e.g. (Ettensohn,
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Fig. 6. Confocal laser scanning microscopy (CLSM) photomicrographs of KC-1 sample from BGR imaging. A. Botryococcus (?) with preserved openings. B. Same field
as A but from 2 to 3 um below the sample surface showing red-shifted bituminite fluorescence and pyrite reflection. C-D. Bituminite with some preserved
Botryococcus (?) elements. CLSM photomicrographs captured with 63 x oil objective (1.40 NA) by application of Ar and HeNe-lasers (excitation with 458 nm, 496 nm,
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(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

1998), a significantly different maceral type and geologic age than the
Upper Jurassic sample from the rifted Wessex Basin (Chadwick, 1986)
considered herein. Using an empirical calibration (BR, = 0.0025*Amax-
1.1168), derived from data in (Stasiuk, 1994) for stromatolitic Gloeo-
capsomorpha prisca (G. prisca) alginite and co-occurring solid bitumen,
results in a calculated BR,, value of 0.29%, matching the measured value
for solid bitumen in the Kimmeridge sample (see organic petrography
section above). However, spectra collected from within another bitu-
minite fragment (Fig. 7C-D) showed a substantial range in Apqax, With
values of approximately 562 nm (location 1), 523 nm (2), 534 nm (3),
and 516 nm (4). These spectra show little variability in emission in-
tensity and were therefore considered on average (539 nm, n = 5). This
Mmax Value converts to a BR,, value of 0.21% using the empirical cali-
bration from Stasiuk (1994), lower than the measured value (0.29%),
but much closer than calculated by application of the Hackley and Kus

(2015) calibration (0.45%). The closer correspondence of calculated BR,
values using data from stromatolitic G. prisca (from Stasiuk, 1994)
suggest misapplication of the Hackley and Kus (2015) calibration from
Tasmanites in bituminite studies.

3.2.1. Fluorescence alteration

Efforts to acquire three-dimensional CLSM imaging of bituminite in
the KC-1 sample at University of Maryland resulted in unintentional
photo-oxidation of the sample surface, i.e., a positive alteration (Davis
et al., 1990; Ottenjann, 1988; Pradier et al., 1992). Positive alteration is
a visual increase in fluorescence emission intensity, in this case after
prolonged (14 min, 13 s) laser exposure (Fig. 8), and has been previously
noted in the maceral bituminite (Sherwood and Cook, 1986).

The unintentional photo-oxidation provided opportunity to compare
its effect on fluorescence color emission to adjacent unaffected areas. In
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addition to the visual increase in emission intensity, photo-oxidation
caused a blue shift in the wavelength of fluorescence emission. A large
(~1600 me) rectangular region of interest (ROI) shows average Amax Of
575 nm in an unaltered area, whereas average Apmax is blue-shifted to
540 nm in a similarly sized rectangular ROI in the adjacent area of
photo-oxidation. This observation holds whether small or large ROIs are
used for analysis. Fig. 8 also shows 10 circular ROIs of (~160 pm? each)
in the unaltered area with average Apax of 575-590 nm (overall average
581 nm), whereas 5 circular ROIs (~160 pm?) in the area of photo-
oxidation have average Apax of 540 nm. Work on coal vitrinite and
crude oil has established that positive alteration generally is associated
with increased substitution of oxygen-containing moieties, e.g., car-
boxylic acid groups (Davis et al., 1990), oxygen-substituted poly-
aromatics (Pradier et al., 1990), or polyaromatics substituted with
oxidized long chain aliphatics (Pradier et al., 1992). Regardless of the

type of substituted moiety, it is clear from multiple experimental studies
that addition of surficial oxygen is responsible for the positive alteration
occurring in photo-oxidation (Eberhardt et al., 1992; Mitchell et al.,
2005).

Within both photo-oxidized and unaltered areas, fluorescence
emission is blue-shifted in higher emission intensity areas relative to
areas with lower emission intensity (Fig. 9). The absence of a preferred
molecular orientation in bituminite (bituminite is without form by
definition, Pickel et al., 2017), rules out alignment of the fluorophore
transition moment with laser polarization (e.g., Hackley et al., 2020a),
suggesting compositional differences cause the increased fluorophore
yield and blue-shift (e.g., Hackley and Kus, 2015). This phenomenon
may be related to the relative degradation of algal elements as discussed
above in the imaging work from BGR. That is, areas of increased fluo-
rophore yield and blue-shift are undegraded algal elements with specific
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Fig. 8. Confocal laser scanning fluorescence spectroscopy data from bituminite
in KC-1 sample from University of Maryland. Rectangular and circular regions
of interest (ROIs) are labeled with average Apmax values from all pixels in the
ROL Note area of significant positive alteration in the lower center of the field
and blue-shifted fluorescence emission in this area of higher emission intensity.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 9. Photo-oxidized region from center of Fig. 8. Note consistent blue-shift in
emission from areas of higher emission intensity. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)
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preserved fluorophore centers, whereas the overall bituminite is a
mixture of many individual fluorophore types.

3.2.2. Need for standardization in CLSM fluorescence spectroscopy

Fluorescence spectroscopy at BGR used three laser lines (458 nm,
496 nm, and 633 nm) and the responses from all three were evaluated
together over the emission range 400 to 800 nm. Ten locations were
selected for measurement and averaged together, allowing estimation of
a standard deviation as shown by the error bars in Fig. 10. One impor-
tant artifact from this approach is the increased emission response at
longer wavelengths due to application of the 633 nm laser, as noted in
previous work (Hackley et al., 2020a). Nevertheless, the Apax value of
562 nm from this approach is similar to that measured at University of
Maryland (581 nm) and converts to a calculated BR, value of 0.29%
(using the calibration from Stasiuk, 1994), matching the measured BR,,
value.

The different A,y values obtained in this study [539 nm (INCAR),
562 nm (BGR), and 581 nm (Univ. MD)], and the different approaches
used to derive the reported Apax value, illustrate a continuing need for
standardization in fluorescence spectroscopy of sedimentary organic
matter (e.g., Hackley et al., 2020a). The lower average Amax determined
using the INCAR system (~539 nm) may possibly indicate stray light
from blue fluorescing epoxy in the kerogen concentrate preparation,
despite the fact that this value was obtained using a 405 diode laser for
excitation, identical to the excitation wavelength used at Univ. MD, for
which an average emission maximum of 581 nm was determined.

3.3. Atomic force microscopy

Previous investigations of bituminite in the KC-1 sample have shown
a substantial increase in its reflectance following broad ion beam (BIB)
milling sample preparation (Valentine et al.,, 2019). As shown in
Fig. 11A-D, a selected region of bituminite increased in mean reflectance
from 0.18% (s.d. 0.02, n = 100, Fig. 11A) to 0.38% (s.d. 0.03, n = 100,
Fig. 11C) after BIB milling in a Hitachi IM 4000 Plus ion mill (milling
conditions given in Materials and Methods section above). The increase
in reflectance (0.20% absolute) was accompanied by a substantial
decrease in areal root-mean-square surface roughness (Sg) of bituminite,
as determined via atomic force microscopy (AFM), where lower values
of Sy indicate flatter surfaces.

Areas of AFM topology data collection before and after BIB milling
are shown as colored squares located over approximately the same
location in bituminite before (Fig. 11B) and after (Fig. 11D) ion milling.
Note the development of a gray reflecting surface in the bituminite in
Fig. 11D, similar to the appearance of solid bitumen (Hackley et al.,
2018). The regions of AFM data collection are shown as three-
dimensional (3-D) representations in Fig. 11E-F. A ridge formed by the
relative polishing relief of quartz is apparent post-milling near the right
side of the 3-D image (Fig. 11F). In contrast, the adjacent softer bitu-
minite is preferentially removed by BIB milling. The relative milling
relief between bituminite and quartz results in an overall increase in Sq
after milling, which is documented in Fig. 11G-H, where Sy increases
from approximately 82 to 189 nm during milling. However, as high-
lighted by the three smaller regions of interest (ROI) in Fig. 11G-H, the
bituminite experienced a relative decrease in Sy caused by the BIB
milling, on average, from approximately 11 to 6 nm. The decrease in
bituminite surface roughness is interpreted to cause its increased
reflectance post-milling, as described in previous works (Grobe et al.,
2017; Hackley et al., 2020b; Hackley et al., 2018; Valentine et al., 2019).

A separate, non-correlative AFM investigation of bituminite in the
KC-1 sample showed overall increases in Sy after BIB milling. In this line
of investigation, BIB milling of a mechanically polished sample surface
used an E.A. Fischione 1060 SEM Mill (conditions given in Materials and
Methods section). AFM data collection was on non-correlative locations,
i.e., two samples were used: 1) mechanically polished (to 0.05 pm) KC-1,
and 2) mechanically polished (also to 0.05 pm), and then BIB-milled KC-
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Fig. 10. Average bituminite emission spectrum measured at BGR, using 10 measurement locations and 3 laser lines. Error bars indicate standard deviation in

measurement.

1. Collection of AFM data was on non-correlative locations of bituminite
in the two samples. Whereas, in the preceding discussion, the AFM
analysis was on a correlative location of bituminite before and after BIB
milling. In the case where two samples were used (non-correlative lo-
cations), the mechanically polished surface (Fig. 12A-E) showed overall
Sq values of 22 nm (20 x 20 pm field, Fig. 12A). Phase imaging of the
same field (Fig. 12B) generally corresponds to the topographic image
(Fig. 12A) suggesting a relatively homogeneous surface in terms of its
mechanical properties (adhesion, stiffness, friction). This feature is
further visualized in Fig. 12C where the phase image is laid over the
topology in a 3-D view, showing that topographic depressions corre-
spond to negative phase shift. Scratches from mechanical polish are
apparent in the overlay, particularly in the lower half of the image. Sub-
micron-sized sulfides (nano-sulfides) are present as finely disseminated
inclusions in bituminite which polish out in relief during BIB milling
(Fig. 12A-C). When progressively smaller and more homogeneous re-
gions of interest (ROIs) were selected for analysis on the mechanically
polished surface, even lower values of S; were realized. For three 3 x 3
pm homogeneous ROIs selected within the 20 x 20 pm field, Sy values of
4-8 nm were measured (Fig. 12E). The trend of lower Sy values from
smaller fields continues at another location in the mechanically polished
sample (Fig. 13A-E). Fig. 13A shows an overall Sq of 9.6 nm for a 6.25 x
6.25 pm field (Fig. 13A), and still lower values of 1.80-2.44 nm for 950
x 950 nm ROIs (Fig. 13E). Phase imaging (Fig. 13B) again corresponds
to topology (Fig. 13C), indicating homogeneity in mechanical properties
of the surface.

The non-correlative BIB-milled KC-1 sample surface showed higher
Sq values of 121 nm (70 x 70 um field, Fig. S1), 108 nm (50 x 50 pm
field, Fig. S2), and 136 nm (12 x 12 pm field, Fig. 14A-D). Fig. 14A
shows ion-induced exposure of disseminated nano-sulfides in the sample
surface and a much wider expression of phase shift (Fig. 14B) than in
mechanically polished surfaces, related to the increased exposure of
nano-sulfides, which show a positive phase shift relative to the bitu-
minite. Scratches from mechanical polish are no longer apparent;
instead, curtaining effects are present as aligned troughs in bituminite.
Similar to the mechanically polished surface, smaller homogeneous
ROIs of 1.5 x 1.5 pm within the 12 x 12 pm field showed lower Sy values
of 10.7-16.8 nm (Fig. 14E), indicating measurement of surface rough-
ness for petrographic preparations of the KC-1 sample is strongly
dependent on the scale of observation, whether in mechanically
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polished or ion-milled surfaces. The smaller (1.5 x 1.5 pm) ROIs are,
however, an order of magnitude rougher than similar sized areas in the
mechanically polished surface. This increase in surface roughness (in-
crease in Sq) after BIB-milling (with the Fischione mill and its corre-
sponding milling conditions) is interpreted to reflect the relief created by
differential milling and removal of the bituminite compared to its nano-
sulfide inclusions. We hypothesize this was caused by ion erosion of the
softer bituminite, exposing the embedded nano-sulfides and thus
creating relief measured as higher Sq values. An identical effect was
described above in the correlative AFM investigation for preferential
removal of bituminite relative to quartz, illustrated as a quartz ridge in
Fig. 11D, F, and H, and a higher S value in the post-milled whole field
area of data collection.

Mechanical polish of bituminite may ‘smear’ the soft organic matter
over and around harder, embedded nano-sulfides, disguising their
presence and reducing measured relief in the mechanically polished
surface. Because the work using the Fischione mill was a non-correlative
investigation (the same location was not investigated before and after
BIB-milling), it is also possible that the consistently higher values of Sy in
the milled sample may reflect locational differences in the material
analyzed between the milled and non-milled samples. Nevertheless, the
contradictory results between the correlative (lower Sy after BIB milling)
and non-correlative (higher S, after BIB milling) AFM investigations
highlight our still limited understanding of the effects of BIB milling to
sedimentary organic matter (Hackley et al., 2020b), and show the need
for further research before BIB milling can be advanced as a standard
practice in sample preparation of sedimentary organic matter such as
bituminite.

4. Summary

Confocal laser scanning microscopy (CLSM) imaging and spectros-
copy and atomic force microscopy (AFM) were used for characterization
of bituminite in an organic-rich, immature sample from the Kimmeridge
Clay Formation. Key findings from two- and three-dimensional CLSM
imaging included:

1. incomplete blocking of reflected laser light from low-absorbing sul-
fide and fusinite inclusions in bituminite;
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Fig. 11. Reflectance increase and surface flattening of bituminite in the mechanically polished KC-1 sample caused by broad ion beam (BIB) milling. A. Reflectance
of mechanically polished bituminite pre-BIB milling, monochrome. B. Same field as A with atomic force microscopy (AFM) overlay, color. C. Reflectance of bitu-
minite post-BIB milling, monochrome. D. Same field as C with AFM overlay, color. E. 3D representation of AFM topology, pre-BIB milling. F. 3D representation of
AFM topology, post-BIB milling. G. AFM topology pre-BIB milling showing 3 regions of interest (ROI) in bituminite and corresponding S, values. H. AFM topology
post-BIB milling showing 3 regions of interest (ROI) in bituminite and corresponding S, values.
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Fig. 12. Atomic force microscopy (AFM) data from bituminite in mechanically polished KC-1 sample. A. AFM topography of 20 x 20 pm field. B. AFM phase contrast
of same field as A. C. Phase contrast overlaid on 3-D topology. D. Surface parameters calculated as per (ISO, 2012). E. AFM topography from three 3 x 3 pm regions of
interest (ROI) shown in A.

. radiation halos of decreased fluorescence intensity around radioac- 5. color blue-shift from positive alteration via laser-induced photo-
tive minerals in bituminite; oxidation of bituminite;

. the presence of sporinite and Botryococcus (interpreted identifica- 6. blue-shift associated to higher fluorescence intensity regions in
tion) as particulate constituents of bituminite; bituminite, probably due to differences in composition, e.g., related

. and the red-shift of sulfide reflectance and bituminite fluorescence to particulate constituents or degradation products thereof;
from below the sample surface. 7. differences in spectroscopic data collection procedures and reported

Findings from CLSM spectroscopy included:
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fluorescence emission parameters for bituminite, highlighting the
need for standardization in fluorescence spectroscopy;
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Fig. 13. Atomic force microscopy (AFM) data from bituminite in mechanically polished KC-1 sample. A. AFM topography of 6.25 x 6.25 pm field. B. AFM phase
contrast of same field as A. C. Phase contrast overlaid on 3-D topology. D. Surface parameters for 6.25 x 6.25 pm field calculated as per (ISO, 2012). E. AFM

topography from three 950 x 950 nm regions of interest (ROI) shown in A.

8. and the prediction of solid bitumen reflectance via calibration to an
extant dataset.

Findings from AFM included:

9. increased surface flattening from broad ion beam (BIB) milling
which resulted in higher reflectance of bituminite;
10. the differential ion erosion of bituminite compared to harder
micro- and nanoscale quartz and sulfide inclusions;
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11. the exposure by BIB milling of nano-sulfides embedded in bitu-
minite which resulted in decreased surface flatness.

12. and that the magnitude of bituminite surface deviation from
perfect flatness was dependent on the scale of observation.

These findings illustrate the utility of CLSM and AFM as research
tools in organic petrology, and suggest that future workers could
leverage the investigative properties of both approaches in combined
AFM-CLSM studies of bituminite. The identification of figured liptinite
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Fig. 14. Atomic force microscopy (AFM) data from bituminite in mechanically polished, then BIB-milled KC-1 sample. A. AFM topography of 12 x 12 pm field. B.
AFM phase contrast of same field as A. C. Phase contrast overlaid on 3-D topology. D. Surface parameters for 12 x 12 pm field calculated as per (ISO, 2012). E. AFM

topography from three 1.5 x 1.5 pm regions of interest (ROI) shown in A.

inclusions (i.e., sporinite, Botryococcus) in bituminite may point to
improved imaging capability over conventional epi-fluorescence, and
the prediction of solid bitumen reflectance via spectroscopy further il-
lustrates potential applications of CLSM as a thermal probe in low
maturity settings. However, detection of reflected laser light and vari-
ability of fluorescence emission parameters dependent on data collec-
tion protocol suggest caution is needed in CLSM spectroscopy
applications. The observation from AFM that surficial alteration caused
by BIB milling is dependent on the scale of observation also indicates the
need for future standardization in sample preparation. Overall, this
work illustrates some advantages and limitations in application of state-
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of-the-art CLSM and AFM technologies for organic petrology research.
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