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Abstract—Reflectance spectroscopy is a rapid, non-destructive technique capable of characterizing
mineral and organic components within geologic materials at spatial scales that range from mm to km. The
degree to which reflectance spectra can be used to provide quantitative information about organic
compounds remains poorly understood, particularly for rocks with low organic content that are common in
the Earth’s ancient rock record and that may be present on other planetary bodies, such as Mars. In the
present study, reflectance spectra (0.35�25 mm) were acquired for a suite of Proterozoic shales and the
kerogen was isolated to assess how spectral properties of aliphatic and aromatic C-H absorption bands can
be used to predict organic matter abundance (total organic content, TOC, and H/C ratio). A number of
spectral parameters were evaluated for organic absorption bands observed in the 3�4 mm wavelength
region for comparison with independently measured TOC and H/C values. Ratios of the strengths of
aliphatic to aromatic absorption bands were directly correlated to H/C values, but the reflectance spectra
for pure kerogens with H/C < 0.2 lacked clear evidence for C-H absorption bands in this spectral region.
Organic absorption bands are routinely observed for bulk rock powders with >1 wt.% TOC, but the
detection limits of reflectance spectra for TOC may be <1 wt.% or as high as 10 wt.%. Organic detection
limits for reflectance spectra are, thus, controlled by both TOC and H/C values, but these parameters can be
predicted for clay-rich, kerogen-dominated samples for a range of values that are relevant to drill cores,
outcrops, meteorites, and planetary surfaces.
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INTRODUCTION

Reflectance spectroscopy is a rapid and non-destruc-

tive technique that has been instrumental in deciphering

the surface composition of Earth, Mars, the Moon, and

other planetary bodies by its use on orbiters, landers, and

rovers. In addition to planetary-scale exploration, the

ability of visible to near-infrared and mid-infrared

wavelength (VIS-NIR-MIR, ~0.5 to 25 mm or

20,000�400 cm�1) reflectance spectroscopy to simulta-

neously detect mineralogy and organic matter has led to

significant interest in this method for a wide range of

geological applications. Reflectance measurements have

been used to determine the mineralogical composition of

terrestrial soils (e.g. Reeves, 2010), sedimentary rocks

(e.g. Greenberger et al., 2015), rock powders (e.g.

Craddock et al., 2017), lake and fluvial sediments (e.g.

Goudge et al., 2017), and drill cores (e.g. Speta et al.,

2016) to name a few. Other studies have compiled

spectral libraries of organic compounds to catalog

diagnostic absorption bands in reflectance data (e.g.

Clark et al., 2009; Izawa et al., 2014) and several studies

have attempted to quantify the organic contents of soils

and geologic materials based on partial least squares or

principal component regression of the reflectance

spectra (e.g. Chang et al., 2001; Breen et al., 2008).

Despite the growing number of applications, the utility

of NIR-MIR reflectance spectroscopy for the quantita-

tive analysis of total organic carbon (TOC) and H/C

ratios of the organic materials in bulk rocks or rock

powders remains largely unexplored, particularly for

geologic samples with low TOC values that are relevant

to studies of the ancient terrestrial rock record (e.g.,

Proterozoic rocks) and planetary materials (e.g., carbo-

naceous chondrite meteorites).

In the present study, NIR-MIR reflectance spectra of

bulk sedimentary rock powders and the kerogens that

were isolated from those powders were analyzed to

address these questions. This work builds on a previous

study of well-controlled synthetic mixtures of clay and

organic compounds (Kaplan and Milliken, 2016) in order

to better understand how those results compare with

reflectance spectra of natural organic-bearing sedimen-

tary rocks. The primary goal of the present study was to

find spectral parameters that relate to organic composi-

tion and abundance for clay-rich (primarily illite)

samples that have low TOC and for which the organic

component is dominated by insoluble organic matter

(kerogen). A secondary objective was to assess detection

limits of organic materials in reflectance spectra with

diagnostic absorpt ion bands in the ~2�4 mm
(5000�2500 cm�1) wavelength region. Reflectance

spectroscopy is hypothesized to be capable of identify-

ing and extracting quantitative information about
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organic material in low-TOC rocks in the geologic

record of Earth and other planetary bodies. This

hypothesis was tested and detection limits were assessed

through analysis of the spectral parameters of well-

characterized organic-bearing samples.

The position and strength of absorption bands in NIR-

MIR reflectance spectra, spectral modeling, and statis-

tical modeling were explored as potential methods to

provide qualitative and/or quantitative estimates of TOC

and H/C from the spectra of bulk rock powders. In

addition to terrestrial applications, the results for these

clay-bearing rocks with low TOC values may also

provide an important foundation for understanding how

reflectance spectroscopy can be used to rapidly detect

and quantify properties of organic compounds in

extraterrestrial materials. This could include laboratory

studies of carbonaceous chondrite meteorites altered in

contact with water, the application to remotely acquired

reflectance data of C-type asteroids from satellite-based

spectrometers, or the analysis of spectral data acquired

by future rover-based measurements of rocks on Mars.

BACKGROUND

Applications of reflectance spectroscopy for organic

detection

The use of reflectance spectroscopy, including VIS-

NIR imaging spectroscopy, to simultaneously quantify

mineral and organic components in natural materials has

greatly increased in the last decade, with the majority of

applications in soil science (Calderón et al., 2013;

Nocita et al., 2014) and drill core analysis for

hydrocarbon exploration (Herron et al . , 2014;

Washburn et al., 2015; Craddock et al., 2017). A wide

range of VIS-NIR-MIR point and imaging spectrometers

are now available through multiple vendors, including

equipment, integrated packages, and for-fee services for

using reflectance spectroscopy as a tool for core logging

and mineral mapping (Herron et al., 2014; Speta et al.,

2015; Mehmani et al., 2017). Recent publications that

detail the application of reflectance spectroscopy to oil

shales, and mapping of the organic content and

mineralogy of drill cores in particular, suggests a

potential increase in the use of NIR-MIR reflectance

spectroscopy in the analysis of hydrocarbon reservoirs

(van der Meijde et al., 2013; Chen et al., 2014; Herron et

al., 2014; Craddock et al., 2017; Mehmani et al., 2017).

Additional technological advancements, specifically in

the development of cost-effective NIR-MIR imaging

spectrometers, have the potential to expand these

methods to a wider range of geologic applications that

can include the detection and identification of organic

compounds in the ancient terrestrial rock record via

spectral mapping of drill cores, hand samples, and

outcrops.

Reflectance spectroscopy at NIR-MIR wavelengths is

also used in the search for organic compounds beyond

Earth, where data are acquired by measuring solar

radiation reflected from planetary surfaces or by active

illumination of a target. Data will soon be returned from

several planetary missions that are searching for

organics using spectrometers that measure reflectance

in the 3 � 5 mm wavelength range. The MicrOmega

instrument, a hyperspectral microscopic imaging spec-

trometer, is onboard the Mobile Asteroid Surface Scout

(MASCOT) lander on the Hayabusa2/MASCOT mission

that is currently headed to Ryugu, a C-type asteroid that

may host organic compounds (Pilorget and Bibring,

2013; Bibring et al., 2017). The MicrOmega spectro-

meter has also been chosen as part of the European

Space Agency (ESA) ExoMars rover mission that is

expected to launch in 2020 (Leroi et al., 2009; Bibring et

al., 2017). NASA’s Origins, Spectral Interpretation,

Resource Identification, Security, Regolith Explorer

(OSIRIS-REx) mission is currently en route to the

asteroid Bennu and includes the Visible and InfraRed

Spectrometer (OVIRS) instrument, which is a point

spectrometer that will facilitate compositional mapping

of the asteroid surface and organic detection; sample site

selection will start in August 2018 (Reuter and Simon-

Miller, 2012; Reuter et al., 2018).

Previous planetary instruments that have acquired

reflectance data at NIR wavelengths and detected

possible organic compounds include the Visible and

InfraRed Thermal Imaging Spectrometer (VIRTIS) on

ESA’s Rosetta mission and a similar instrument on

NASA’s Dawn mission (where it is called ‘VIR’)

(Coradine et al., 1998: Coradina et al., 2007;

DeSanctis et al., 2017). The Cassini Visual and

Infrared Mapping Spectrometer (VIMS) and Galileo

Near-Infrared Mapping Spectrometer (NIMS) instru-

ments also fit the spectral requirements. Both VIMS

and NIMS traveled to the outer solar system and

observed organic compounds (e.g. McCord et al.,

2006; Cruikshank et al., 2014).

Ground-based spectra of asteroid 24 Themis revealed

spectral features between 2 and 4 mm that are associated

with ice and organics (Rivkin and Emery, 2010).

Additional observations of organic compounds on

planetary surfaces include the presence of a broad

absorption feature that spans 2.9�3.6 mm in VIRTIS

spectra for the comet 67P/Churyumov-Gerasimenko,

which was interpreted as cometary organic macromole-

cular material (Capaccioni et al., 2015; Quirico et al.,

2016). More recently, reflectance spectra of the dwarf

planet 1 Ceres acquired by the Dawn VIR instrument

were interpreted to indicate the presence of aliphatic

organic compounds at the Cerean surface based on

absorption bands near 3.4 mm (De Sanctis et al., 2017).

In all of these cases, the amount and maturity of the

organic material remains poorly constrained, which is

primarily due to a fundamental lack in knowledge of

how best to derive quantitative information from

reflectance spectra for organic compounds that are
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intimately mixed with inorganic phases.

In summary, VIS-NIR-MIR reflectance spectra cap-

able of identifying organic matter in geologic materials

and settings have been and will continue to be acquired

for Earth and beyond in the coming years. The

increasing availability of imaging spectrometers and

their use in the field, laboratory, and on airborne

platforms allows for the acquisition of reflectance data

over a wide range of spatial scales while maintaining

spatial context, which is an important aspect for many

geological applications (e.g. Greenberger et al., 2015).

The ongoing acquisition and analysis of such data

necessitates an experimental and theoretical underpin-

ning of how to extract accurate quantitative information

on organic material in these settings that includes

estimates of TOC and H/C values. This study examined

the constraints and quantitative capabilities of reflec-

tance spectroscopy in this context for a set of conditions

that are relevant to studies of the ancient Earth and

extraterrestrial materials, such as clay-bearing rocks

with low total organic contents that are dominated by

insoluble organic matter (i.e., kerogen).

Spectral Reflectance Characteristics of Organic-

Bearing Materials

In reflectance spectroscopy, the complex effects of

multiple scattering (where a photon interacts with

multiple particles before being scattered to a detector),

non-linear effects of particle size (Mustard and Hays,

1997), and albedo (Nash and Conel, 1974; Milliken and

Mustard, 2007) make quantification of absorbing species

difficult in comparison to other spectroscopic techni-

ques, such as transmission spectroscopy. In addition, not

all vibrational modes in organic materials are IR active

and techniques such as Raman spectroscopy may be

sensitive to a wider range of organic compounds.

Reflectance spectroscopy may be advantageous in that

it is rapid, requires no or minimal sample preparation, is

non-destructive, and the data can be directly compared

with reflectance spectra that are commonly measured

using airborne, satellite, and lander/rover systems.

Qualitative and quantitative analyses of reflectance

spectra commonly require the creation of high quality

spectral libraries for well-characterized samples. With

respect to organic compounds, a comprehensive spectral

library of polycyclic aromatic hydrocarbons has been

compiled with the position of VIS-NIR absorption bands

identified for astrophysical and planetary applications

(Izawa et al., 2014). A similar spectral library of alkanes

was assembled by Clark et al. (2009), which has been

used to identify organic compounds on Saturn’s moon

Titan (Clark et al., 2010). NIR spectral properties have

also been examined for a variety of carbon-bearing

materials from graphite to oil sands for remote sensing

applications (Cloutis et al., 1994; Rivard et al., 2010).

Reflectance spectroscopy of pure organic compounds

has limited applications outside of a laboratory setting

and studies that examine the organics that are hosted

within an inorganic matrix (e.g., sedimentary rocks) are

warranted to better understand the benefits and limita-

tions of reflectance spectroscopy as a quantitative tool

for organic detection.

Aliphatic C-H bonds in CH2 and CH3 groups give rise

to three distinct absorption bands near 3.3�3.6 mm
(~3000�2800 cm�1), i.e. a spectral ‘triplet’ (Figure 1).

Aromatic C-H absorption bands occur at slightly shorter

wavelengths (3.1�3.3 mm, or ~3225�3000 cm�1),

though this absorption band is commonly much weaker

than the aliphatic triplet when observed in reflectance

spectra (Figure 1). At longer wavelengths, absorption

bands due to C-O, C-C, and C=C are found. Although

some of these absorption bands can arise from inorganic

compounds, these absorption bands will be referred to as

‘organic absorption bands’ here for simplicity and

exceptions are noted below in the discussion section.

Spectral analysis of organic absorption features

A number of methods have been developed to

interpret reflectance spectra in terms of the presence

and amount of an absorbing component. The simplest of

these is band depth, which measures the strength of an

absorption band by finding the distance between the

absorption maximum (reflectance minimum) and a

spectral continuum or baseline. Clark and Roush

(1984) defined band depth as: D(l) = 1 � Rb(l)/Rc(l),
where Rb is the reflectance value at the maximum

absorption point and Rc is the reflectance value of the

user-defined continuum slope at the same wavelength, l
(i.e., the reflectance value that would likely be observed

at that wavelength in the absence of an absorption band).

Band depth and other spectral parameters have

previously been applied to the study of kerogens and

organic-bearing sedimentary rocks. IR spectroscopy of

kerogen and bitumen has been used to link specific

absorption bands to H/C or organic maturity as

independently estimated by vitrinite (i.e. vitreous

alteration product of lignin and cellulose in coal)

reflectance (e.g. Chrisy et al., 1989; Ganz and

Kalkreuth, 1991; Lis et al., 2005; Rivard et al., 2010).

More recently, Craddock et al. (2017) found that organic

absorption strength was correlated to both kerogen

content and maturity of mudrocks and they defined a

maturity-based scaling factor in order to predict type II

kerogen contents in mudrocks. The H/C ratio of kerogen

is known to decrease with maturity, even though the

carbon content remains the same. The reflectance

spectrum in the 3�4 mm region is most sensitive to H

in kerogen rather than C and so changes in maturity are

reflected in the spectrum. Craddock et al. (2017)

modeled absorption bands using a polynomial fit to

analyze spectral amplitude instead of direct band depth

values. Other studies have used Gaussian and Lorentzian

curve fitting techniques to interpret the reflectance

spectra of pyroxene and olivine minerals (e.g.
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Sunshine and Pieter, 1993) and this method has been

used to investigate the composition of insoluble organic

matter (IOM) in carbonaceous meteorites (Orthous-

Daunay et al., 2013). Moroz et al. (1998) found that

the wavelength position of a reflectance maximum near

2.2 mm corresponds to the aromaticity of C in bitumen

and that the ratio of the reflectance values at 2.16 and

2.7 mm can be used to estimate the H/C ratio in the

bitumen. These shorter wavelength (~2 mm) combination

vibration bands, however, are much weaker than

fundamental C-H vibration modes observed in the

3�4 mm wavelength region and are only commonly

observed in the spectra of bright, organic-rich materials.

Other common spectral analysis techniques are

statistical methods that use data at every wavelength in

the reflectance spectrum rather than focusing on

individual absorption bands linked to C-H vibrations.

These techniques, which include partial least squares

regression and principal component analysis, have been

used to predict organic C in soils and reviews have been

carried out on its applicability at different wavelength

ranges (NIR vs. MIR) and in laboratory vs. field settings

(McCarty et al., 2002; Reeves, 2010). MIR wavelengths

(2.5�20 mm) lead to more successful predictions than

NIR-wavelengths (1�2.5 mm) due to the presence of

C-associated absorption bands (Reeves, 2010).

Despite these previous studies and direct observations

of organic absorption bands in terrestrial and extra-

terrestrial materials, little detailed information is avail-

able for specific variables that affect the reflectance

spectra of organic-bearing rocks or rock powders and

how these variables contribute to spectral absorption

bands. Most previous studies (e.g. Chang et al., 2001;

Washburn et al., 2015) used partial least squares or

principal components analysis to quantify organics based

on reflectance spectra, but the results can be highly

dependent on the multivariate calibration technique and

samples used in the training dataset (Vohland et al.,

2011). Kaplan and Milliken (2016) studied synthetic

mixtures of a pure particulate organic compound mixed

with different clay minerals in an attempt to assess

several fundamental properties that may control organic

absorption strength and shape in reflectance spectra.

That study found that TOC was linearly correlated to the

strength (band depth) of C-H vibration absorption bands

(1.73, 2.31, and 3.42 mm) in spectra of montmorillonite,

i l l i t e , and kaol in i te mixed wi th Na-s teara te

(C18H35NaO2), an aliphatic organic compound. Those

Figure 1. Reflectance spectra of select (a) kerogen separates and (b) bulk rocks. Full spectra (0.35� 15 mm) and continuum-removed

spectra (3.1 � 3.8 mm) are displayed on the left and right side plots, respectively, with major absorption bands labeled (a �
asymmetric, s � symmetric stretches). The available H/C and TOC values are given along with the sample names.
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results also demonstrated that the albedo strongly

controlled the slope of the band depth-TOC trend when

the samples were artificially darkened with lampblack C.

Converting from reflectance to single scattering albedo

(SSA) using the Hapke (1993, 2008) radiative transfer

model was found to reduce these albedo-related effects,

which were similar to previous work that used reflec-

tance data to estimate the water content of clays and

other hydrous minerals (Milliken and Mustard, 2007).

The work presented here builds on the study of

Kaplan and Milliken (2016) by using similar measure-

ments and data analysis methods to examine the organics

in bulk rock powders from a suite of natural sedimentary

rocks. In particular, the present study focused on

diagnostic features that arise due to vibrational absorp-

tion bands of organic compounds at NIR-MIR wave-

lengths, which is a range that also hosts diagnostic

absorption bands for minerals commonly found in

sedimentary environments (e.g., clay minerals).

METHODS

Samples

The samples examined in this study were predomi-

nantly Proterozoic shales with independently measured

mineralogy, TOC, and H/C values. A full list of samples

used in this study is available, which includes the

provenance, lithology, and organic properties (Table S1,

deposited with the Editor-in-Chief and available at

http://www.clays.org/JOURNAL/JournalDeposits.html).

Further descriptions of these rocks and their kerogens

can be found in the original references. Kerogen,

described in this list, refers to insoluble organic matter

of varied chemical composition that has been extracted

from bulk rock powders and is the primary form of

organic matter found in these samples.

Many of the rocks studied here are from drill cores in

the McArthur Basin in Australia’s Northern Territory

(i.e. cores discussed in Abbott and Sweet, 2000;

Johnston et al., 2008; Luo et al., 2016). In total, 33

McArthur Basin samples were analyzed. Within the

basin, the McArthur, Nathan, and Roper Groups have

been sampled using seven drill cores, five of which are

included in the present study: Urapanga-3 (U3),

Urapanga-4 (U4), Urapanga-5 (U5), Urapanga-6 (U6),

and Golden Grove-1 (GG1). The Roper Group is known

for its organic-rich shales and high organic content

(Dutkiewicz et al., 2003). Kerogens from twelve of these

bulk rock samples were extracted and provided to the

present study by the laboratory of R. Summons (MIT).

Kerogen was isolated using acid attack and although

some pyrite remains, it does not affect the results of this

study.

A second set of 15 sedimentary rock samples were

described in Tosca et al. (2010). The samples are

organic-rich shales, late Archaean to Mesoproterozoic in

age, that have been moderately to intensely weathered.

The clay mineralogy, TOC, and weathering history for

these samples were described in Tosca et al. (2010),

though TOC was re-measured at Brown University. A

third set of bulk rock samples (n = 8) that were

previous ly s tudied and charac ter ized by the

Precambrian Paleobiology Research Group (PPRG) was

provided by J.W. Schopf (UCLA). Each of these samples

has a corresponding kerogen sample that was isolated

from it. The PPRG rocks are cherts and shales from a

variety of locations that have H/C values that range from

0.02 to 0.8. An additional 30 PPRG kerogens were

provided by the Summons Lab (MIT) and were

characterized by Ferralis et al. (2016) and Schopf

(1983).

Finally, an additional 27 reflectance spectra of oil

shales and source rocks with higher TOC values were

downloaded from the NASA Reflectance Experiment

Laboratory (RELAB) spectral library and were examined

for comparison with the low TOC content samples

described above. Characteristics of the kerogen in these

samples are not known, but the provenance, mineralogy,

and organic chemistry of the toluene soluble portion of

these rocks were provided in Hosterman et al. (1989).

Reflectance spectroscopy

Bulk rock samples (Table S1 in Supplemental

Materials section) were crushed in an agate mortar and

pestle and the powders were sieved to <45 mm using a

mesh sieve. Although reflectance measurements are

possible for intact rocks or unsieved particulate samples,

this step minimizes spectral differences between samples

due to particle size variations and increases the signal

due to increased scattering. Samples that correspond to

spectra of the oil shales and source rocks that were

pulled from the RELAB database were not all crushed

and sieved to <45 mm and instead represent unsorted

materials.

Reflectance spectra of all rock powders and isolated

kerogens were measured in the Department of Earth,

Environmental, and Planetary Sciences at Brown

University using a combination of spectrometers. The

VIS-NIR measurements (0.5�2.5 mm) were collected

using an Analytic Spectral Devices (ASD) FieldSpec 3

spectroradiometer (ASD Inc., Boulder, Colorado USA).

A fiber optic light source was used to illuminate the

samples at 30º from normal and the receiving fiber optic

on the ASD instrument was positioned at 0º. Bare fibers

for the light source and receiving fiber have a ~25º field

of view (FOV) and were positioned a few cm above the

sample to capture the entire area of the sample cup (~10

mm) in the FOV. The same samples were then measured

at longer wavelengths (1.75�25 mm) using a Nicolet

iS50 FTIR spectrometer (Thermo Scientific, Waltham

Massachusetts, USA). The FTIR was equipped with a

Praying Mantis diffuse reflectance attachment (Harrick

Scientific, Pleasantville New York, USA) and a diffuse

Au reflectance standard from Labsphere (North Sutton,
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New Hampshire, USA) was used as a reference material.

Each bulk rock spectrum was an average of 50 scans and

each kerogen spectrum was an average of 100 scans or

more.

For comparison with the bulk rock powders, one

semi-polished thick section (7.165.2 mm) of a pyrite-

bearing shale was mapped using a Bruker Lumos FTIR

Microscope (Billerica, Massachusetts, USA). Spectra

were collected for the 1.6�16 mm wavelength range with

825 pixels at a spatial resolution of ~2006200 mm per

pixel.

Elemental analysis (C and H)

Subsets of the bulk rock powders were measured for

organic C using a CE Instruments Model NC2100

Elemental Analyzer (CE Elantech, Inc., Lakewood

New Jersey, USA) at Brown University. The reflectance

spectra were first used to confirm that the samples were

carbonate-free and, therefore, required no acid treatment

prior to elemental measurement. Carbon (wt.%) values

for ~8�10 mg aliquots of powder were reported here as

total organic carbon (TOC).

Elemental abundances for the PPRG kerogens were

obtained using traditional combustion elemental ana-

lyses as described by Schopf (1983), which provides a

full description of the analysis method. Isolated organic

matter is useful for understanding how organic composi-

tion affects spectral features in the absence of compli-

cating factors due to a mineral matrix. The H/C ratio was

chosen to represent organic composition as it is often

used to characterize kerogen type and maturity and will

change as a function of the aliphatic:aromatic ratio in the

kerogen (Baskin, 1997). Twelve kerogen and bulk rock

pairs with unknown H/C ratios prior to this study were

analyzed at Huffman Hazen Laboratories (Golden,

Colorado, USA) to obtain H and C values using an

elemental analyzer. These are the U-3, U-4, and KEA

samples that were provided by R. Summons and are

listed first in the supplementary table (Table S1 in

Supplemental Materials section). H/C is reported here as

a ratio of atomic abundances and TOC is reported in

weight percent.

Analysis of spectral data

All reflectance spectra were processed identically and

the FTIR spectra were scaled and spliced to match the

ASD spectral data at a wavelength of 1.8 mm. Scaling of

the FTIR data was necessary to match the ASD data

because the FTIR signal was maximized by slightly

raising or lowering the sample dish, which affected the

reflectance values by a scalar relative to the diffuse Au

standard (which was at a fixed height). In order to

calculate band depth values, the spectral continuum

shape was first defined using an upper convex hull fit

over a wavelength range defined by endpoints at 3.1 and

3.8 mm (these wavelengths are outside the C-H absorp-

tion features of interest). The reflectance values at these

wavelengths were then divided by this spectral con-

tinuum and band depth values were calculated from the

resulting continuum-removed spectrum.

Band depths were calculated at 3.27, 3.38, 3.42, 3.48,

and 3.50 mm as well as the integrated area of all organic

absorption bands from 3.1 to 3.8 mm (Figure 2). Other

spectral parameters that included albedo (taken as the

reflectance value at 1.7 mm, a wavelength with no

absorption bands in the samples studied) and spectral

slope between 0.45�0.9 mm were also examined. A

principal components analysis was also performed on the

fu l l spec t ra and on the con t inuum-removed

(3.1�3.8 mm) spectra, and focused on the first five

principal components that accounted for the majority of

the variance in the dataset. For the thick section map,

band depths associated with Al-bearing clay minerals

(e.g. illite, 2.21 mm) and H2O in phyllosilicates (1.9 mm)

were calculated from the continuum-removed spectra

between 1.7 and 2.35 mm.

Spectral parameters (i.e. band depth, band area,

spectral slope) were compared with TOC and H/C

values to assess the importance of each of these

Figure 2. An example reflectance spectrum with an upper

convex hull continuum fitted to it (top) and a continuum-

removed spectrum with the continuum removed (bottom). The

equations used for the major spectral parameters in this paper are

given at the top.
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variables and their quantitative influence on reflectance

spectra. Relationships between these factors were

assessed empirically and, when possible, using statistical

methods. Reflectance spectra were also converted to

single scattering albedo (SSA) values using the radiative

transfer model developed by Hapke (1993). This

conversion reduced effects in the reflectance spectra

that were caused by multiple scattering and the viewing

geometry that may give rise to changes in absorption

strength that are not related to the abundance of an

absorbing component. The spectral analyses described

above were conducted for all SSA spectra, but no

significant differences were found between reflectance

and SSA results; therefore, the SSA results are not

discussed here.

Bulk rock samples were removed from the spectral

dataset if they displayed evidence of carbonates near

3.4 mm instead of the aliphatic organic ‘triplet’ absorp-

tion bands. The issues that surround the spectral

interpretation of organics in the presence of carbonates

were considered and are discussed in the discussion

section, but the analyses were performed on carbonate-

free or carbonate-poor bulk rock spectra.

RESULTS

Kerogen and bulk rock spectra

Reflectance spectra of the kerogen samples (Figure 1)

typically exhibited vibrational absorption bands due to

OH, alkyl C-H, C=O, C=C aromatic and polyaromatic

rings, and aromatic C-H. Of these absorption bands, only

the alkyl C-H stretching commonly appeared in spectra

of the bulk rock powders, where it occurred as a ‘triplet’

absorption feature near 3.4 mm. Though superimposed on

broader H2O absorption bands in the ~2.65�4 mm
wavelength region, the C-H absorption band at

~3.4 mm occurs at a position that has few overlapping

mineral absorption bands in comparison to the other

spectral features listed above, though carbonate is a

notable exception. Spectra of kerogens with low H/C

values (more aromatic, greater maturity) had weaker

absorption bands in this wavelength region in compar-

ison to those bands for samples with higher H/C values

(more aliphatic, immature). This was as expected

because the aliphatic bonding environment gives rise

to the strongest spectral features in this wavelength

region (Figure 1). In general, as H/C decreased, the

absorption bands weakened and the spectrum became

flatter and nearly featureless for samples with the lowest

H/C values.

Spectra of bulk rock powders exhibited similar

absorption bands as the kerogen with additional absorp-

tion bands in the VIS-NIR (0.35�2.5 mm) range due to

minerals, which were primarily metal-OH vibrations

associated with clay minerals and electronic absorption

bands due to Fe2+/3+-bearing phases (Figure 1). The

OH/H2O absorption bands from ~2.65 to 4 mm were

stronger than in the corresponding kerogen spectra,

whereas the C-H absorption bands near 3.4 mm were

weaker. This was consistent with the organic signal

being ‘diluted’ when in a mineral matrix. Unlike the

kerogens, which are purely organic, both H/C and total

organic carbon (TOC, i.e. organic abundance) were

expected to affect properties of the ~3.4 mm absorption

band in bulk rock powders.

Relationships between H/C, TOC, and spectral

parameters

Measurements of TOC, H/C, and spectral attributes

for these samples allowed the exploration of empirical

relationships between these parameters as well as the

lower limits of H/C and TOC values at which absorption

bands can no longer be discerned in the reflectance

spectra. Independently measured H/C values were

compared to three spectral parameters (absorption area,

band depth, and a ratio of the two band depths)

(Figure 3). A comparison of the H/C values and

absorption areas for kerogens (Figure 3a) revealed that

when H/C was <0.2, the absorption bands near ~3.4 mm
were absent or negligible. For some spectra, absorption

bands were absent or were indistinguishable from

background noise at these low H/C values. For other

spectra, the absorption bands were very weak with

absorption areas <10. Absorption area increased linearly

with H/C for 0.2 < H/C < 1. Albedo, water content of the

kerogen, and particle size can affect the strength of C-H

absorption bands (e.g. Kaplan and Milliken, 2016) and

may influence the scatter. Overall, spectra of the

kerogen samples suggested a lower detection limit for

H/C ~0.2 and below this limit the detection of organics

at these wavelengths in reflectance spectra will be

difficult, regardless of the TOC.

Similar analyses for the bulk rock powders were

carried out (Figure 3). For these samples, the absorption

area was commonly weaker than in the kerogen spectra.

As with the kerogens, absorption bands were weak or

absent for H/C <0.2, but in the bulk rock powders this

trend continued until H/C ~0.6. Above H/C ~0.6, clearly

detectable C-H absorption bands were observed in this

wavelength region. Note, however, that the bulk rock

samples with weak absorption bands and H/C values

between 0.2 and 0.6 also had TOC values <1 wt.% (i.e.

the concentration of organic matter in the sample as a

whole was low). For samples with measured H/C values

(e.g. those shown in Figure 3), the TOC values ranged

from 0.25�8.68 wt.%. Another 41 samples with

unknown H/C ratios had a TOC range of 0.13 of

3.45 wt.% (Table S1 in Supplemental Materials section).

Band depth values at 3.42 and 3.27 mm were plotted

against H/C for both kerogen and bulk rocks (Figure 3b).

Band depth at 3.42 mm, which is an aliphatic CH2

absorption band and the strongest band in this wave-

length region, had a similar relationship to H/C as

absorption area for both the kerogen and bulk rock
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samples. Band depth at 3.27 mm, which is an aromatic

C-H absorption band, was much weaker at most H/C

values. In the kerogens, band depth values at 3.27 mm
rose sharply for 0.2 < H/C < 0.4 and then leveled off or

diminished at higher H/C values. In bulk rocks, band

depth at 3.27 mm was consistently weak at all H/C values

>0.6. The ratio of band depth at 3.42 mm (aliphatic) to

band depth at 3.27 mm (aromatic) was strongly

correlated with H/C for both kerogen and bulk rock

samples (Figure 3c).

Figure 3. These plots show the relationships between H/C and absorption area, band depths, and band depth ratios. The plots on the

left are isolated kerogens, while the plots on the right are bulk rock samples with known H/C values. (a) The absorption area in

general increased with increased H/C value and the dotted lines at H/C = 0.2 and 1 reflect breaks in this trend. (b) The band depths at

3.42 and 3.27 mm are for aliphatic and aromatic C-H absorption bands, respectively; The aliphatic absorption band followed a similar

trend as absorption area, while the aromatic absorption band increased more strongly initially and then flattens and remained weaker

at higher H/C values. (c) A linear relationship was observed between H/C values and the aliphatic to aromatic absorption band depth

ratios and a least squares regression line with 95% confidence intervals (dotted lines) are included.
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A comparison among albedo, organic absorption area,

and VIS-NIR slope values for the kerogen/bulk rock

sample pairs was performed (Figure 4). These trends

suggest that all three spectral properties observed in the

kerogen spectra were strongly correlated with the VIS-

NIR slope and the absorption area in the corresponding

bulk rock spectra. In contrast, the albedo of the bulk

rocks appeared to be unrelated to the kerogen properties

and likely reflected the mineralogy rather than the

organic matter in the rock. For these samples at least,

VIS-NIR slope values from the bulk rock spectra can be

used to estimate absorption area and, from that, to

estimate the H/C-TOC properties of the organics.

Principal components analysis (PCA) results

PCA as it was applied to the continuum-removed

spectra of the bulk rock samples showed that the first

two principal components (PCA 1, PCA 2) explain over

98% of the variance in the data. These two components,

when plotted against each other for each bulk rock

powder, exhibited a linear trend that can be used to

separate different groups within the sample set

(Figure 5). The oil shales/source rocks were included

in this analysis because it was based solely on the

spectral characteristics, whereas these samples were not

included in the previous analyses because the properties

of the kerogen fraction were unknown. Despite this

difference, or perhaps because of it, the oil shales/source

rocks occupied a unique PCA-space. Other sample

groups were also shown to occupy distinct portions of

the plot. These sample groups can be divided by using

the H/C values. The same plot with points colored by the

H/C values confirmed that H/C plays a major role in

determining where the samples fall on the trend.

Samples with the lowest H/C values exhibited larger

values in both PCA 1 and PCA 2 (see inset, Figure 5). In

contrast, samples with higher H/C values generally

exhibited smaller PCA values, though samples with

some of the highest H/C values fell along the middle of

the trendline.

In addition to the H/C values, the data demonstrated

that TOC values also affected the PCA results (Figure 5).

The highest and lowest TOC values fell at the extremes

of the linear trend and samples in the middle of the plot

Figure 4. Correlation matrix for the bulk rock and extracted kerogen samples, where each point reflects the parameter (albedo,

absorption area, VIS-NIR slope) values of the bulk rock and the extracted kerogen samples. The albedo was measured at 1.7 mm, the

organic absorption area was determined, and the VIS-NIR slope was calculated between 0.9 and 0.44 mm. For example, the top left

plot shows the relationship between the bulk rock and kerogen sample albedo values, but in this case the bulk rock and kerogen

sample albedo values were not strongly correlated.
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with high H/C values also had low TOC values, which

may explain why the samples plotted in this part of the

parameter space. To confirm this finding, a linear least

squares regression was performed and revealed that both

H/C and TOC values were statistically significant

predictors of the first principal component (p = 6.6e�13

and p = 2.0e�3 for H/C and TOC) and the second

principal component (p = 2.6e�15 and p = 0.002 for H/C

and TOC).

DISCUSSION

Lower limits of detection and quantification

The results show that the presence and strength of

organic absorption bands in the 3.1�3.8 mm region were

clearly tied to the H/C values of the pure organic matter

(kerogen). Spectra of bulk rocks, however, were not only

affected by the composition of the organics but also by

the abundance of that organic component. Absorption

areas for the bulk rocks can also be plotted in terms of

both H/C and TOC (Figure 6) values. The 21 bulk rock

samples with known H/C and TOC values spanned a

range in H/C from 0 to 1.4 and in TOC from 0 to 9 wt.%.

As demonstrated above (Figure 6), spectra for bulk rocks

with H/C < 0.2 had weak or absent organic absorption

bands, even if the TOC value was high. Samples with H/

C > 0.2 and reflectance spectra without organic

absorption bands also contained 41 wt.% TOC. A

very conservative TOC detection limit of 1 wt.% was

proposed by Kaplan and Milliken (2016) based on

synthetic clay-organic mixtures and is marked with the

dotted line in Figure 6. Carbonaceous chondrite meteor-

ites have up to 4 wt.% organic C and H/C values

between 0.2 and 0.8, which places these samples above

the detection limits and makes it likely that organic

analysis with reflectance spectroscopy will be beneficial.

In all likelihood, a uniform TOC limit is not

appropriate for all organic-bearing samples and many

samples with TOC values <1 wt.% (listed in Table S1 in

Supplemental Materials section) had reflectance spectra

with organic absorption bands, but without measured H/

C values. The TOC threshold may be lower with greater

H/C values (as indicated by the red (light gray,

grayscale) curved dotted line in Figure 6), though

some minimum TOC value without observed absorption

bands was expected. Although the exact lower TOC

Figure 5. The first two principal components (PCA 1, PCA 2) were plotted for bulk sedimentary rocks and for 27 oil shales and source

rocks. In PCA space, the samples grouped together with samples from similar groups (e.g. shales with moderate H/C, oil shales with

high H/C). Modified versions of the left plot are shown on the right with points colored according to the H/C and TOC values. An

apparent relationship was observed between the principal component values (PCA 1, PCA 2) and the rock H/C and TOC values.
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detection limit was not defined with the limited sample

suite examined here, evidence in the sample collection

suggests that it could be ~0.1%. For instance, drill core

sample 22 from the McArthur Basin had TOC values that

ranged from 0.13 to 0.62 wt.%, yet spectra for all of

these bulk rock powders had clear organic absorption

bands. Based on these results using reflectance spectro-

scopy, an important although variable parameter space

for H/C and TOC values likely exists, but defining a

lower organic matter detection limit for bulk rocks (or at

least shales) will not be possible at these wavelengths.

Further studies on samples that span a wider TOC and

H/C range than discussed here, particularly samples with

high H/C and low TOC values, are warranted to better

establish independent detection limits for H/C and TOC.

Establishing the probable lower detection limits for

organics is especially important to fully realize reflec-

tance spectroscopy as a method in planetary applications

where direct sampling is not always possible. Ongoing

and planned missions will immediately benefit from

additional constraints on the collected data. For instance,

recent results from the Dawn mission to Ceres revealed a

strong aliphatic spectral signature near the Ernutet crater

(De Sanctis et al., 2017), but the estimated TOC and H/C

values are currently poorly understood.

From the data presented here, the best constraints on

detection limits come from the kerogen spectra. These

spectra showed weak or absent absorption bands for H/C

values of <~0.2. This result was physically plausible

because the decrease in H/C values occurred as the

kerogen became more aromatic in nature and C-H bonds

were replaced with C=C bonds. As the C-H bonds

disappeared, so did the entire absorption complex

between 3.1 and 3.8 mm (e.g., Figure 1). Similarly, an

increase in the aliphatic C-H to aromatic C-H ratio with

increased H/C values would be reasonable, as demon-

strated by the 3.42 to 3.27 mm band ratio. When

absorption area or band depth was used for samples in

the present study, these parameters became non-unique

predictors for H/C values >1. No indication of absorp-

tion band saturation was observed in the spectral data,

thus one explanation for this trend is that the number of

CH2 and/or CH3 groups did not increase directly for H/C

values >1.

These lower detection limits were dependent on the

signal-to-noise ratio of the instrument used for spectral

acquisition. Many of the organic absorption bands

treated in the present study determined to be ‘below’

detection limits were in fact observable in the FTIR data,

but were very weak (i.e. absorption area <10 or band

depth <0.01). While the detection of these very weak

absorption bands was possible in a laboratory setting,

observing similarly weak signatures would be unlikely in

data acquired in a less controlled scenario. Lower signal-

to-noise ratios for field and orbital measurements are

likely to further increase the HC-TOC thresholds for

detection of organic matter in these applications.

The number of samples with known H/C and TOC

values is small (n = 21), which makes statistical analysis

of the relative contributions of H/C and TOC values to

band depth and PCA spectral parameters difficult. With

this caveat, a linear regression was carried out to assess

the influence of normalized H/C and TOC values on

band depth at 3.42 mm, PCA 1, and PCA 2. From this

analysis, the strongest spectral influence was from H/C

as it had a larger regression coefficient and a lower

p-value for each case (Table 1). These coefficients were

needed to solve for both H/C and TOC values from these

spectral parameters, but more testing is necessary to

prove their efficacy for a wider range of samples. If

either the H/C or TOC value is known and is relatively

homogeneous within the measurement spot size or

between measurements, however, the absorption

strength at ~3.4 mm in reflectance spectra can be a

powerful predictor of the other attribute.

Important considerations for organic detection and

quantification

The above results pertain to the clay-rich shales

discussed in the present paper. Carbonate reflectance

spectra exhibit absorption features that overlap with C-H

vibrations in the mid-infrared and can complicate these

assumptions. Washburn et al. (2015) successfully pre-

dicted calcite, dolomite, and TOC values using partial

least squares regression (PLSR) applied to attenuated

total reflectance (ATR) measurements. In that work, the

authors studied oil shales from the Green River Fm.,

Figure 6. Bulk rock samples were plotted according to the TOC

and H/C values and were colored (white to gray in grayscale)

according to absorption area values. Only the samples that fell in

a specific TOC-H/C space had absorption bands and are

identified by the colored circles (i.e. the black circles indicate

no absorption band). The straight black, dotted lines indicate the

approximate lower detection limits for H/C and TOC. The H/C

detection limit was ~0.2 and was supported by the kerogen

spectral results. The TOC detection limit was ~1 wt.% and

decreased as the H/C value increased above 0.6 (red curved

dotted line, gray in grayscale).
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which had spectra with overlapping organic and

carbonate absorption bands near 3.4 mm. For rocks

with lower TOC values and/or more mature organics,

even small amounts of carbonate can overwhelm the

organic absorption bands and prevent detection using

reflectance spectra (in the absence of a priori knowledge

that organics are present). Ongoing work will focus on

adding carbonate abundance to the H/C-TOC parameter

space (Figure 6) to add further constraints to organic

detection, which is an important aspect given that

carbonate minerals are common in terrestrial sedimen-

tary basins and are found in organic-bearing C chondrite

meteorites. Quantifying and subsequently removing

carbonates from the spectrum may be possible as part

of the continuum removal process, as demonstrated by

Herron et al. (2014) and Craddock et al. (2017).

Other rock properties are likely to have a lesser effect

on the detection of organic absorption bands in the 3 to 4

mm wavelength region, but should still be considered for

future applications. Kaplan and Milliken (2016) found

that albedo was strongly correlated to organic band

depth at 3.42 mm, but that conversion from reflectance to

single scattering albedo reduced this issue. A similar

relationship between sample albedo and water content

(based on strength of H2O absorption bands at ~3 mm)

was observed by Milliken and Mustard (2007), who also

demonstrated that conversion to SSA greatly reduced

non-linear absorption effects in dark samples. In the

present work, albedo does not appear to play a major

role and albedo in the bulk rock samples appeared to be

controlled by mineralogy rather than organic content

(Figure 4). Mineralogy of the bulk rock samples was

diverse and did not seem to influence organic absorption

bands near 3.4 mm. The exception was carbonate and, as

a result, the present study was carried out on bulk rocks

that were spectrally free of carbonates at 3.4 mm. The

observation that different subsets of the sample suite

could be identified using principal components analysis

likely did not reflect similarities in mineralogy because

the PCA was done on continuum-removed spectra over a

limited wavelength range that was outside of most

mineral absorption bands.

Another issue to be considered is sample hetero-

geneity, which may lead to compositional differences

between sample aliquots that are used for reflectance

measurements and those used for measuring TOC and

elemental abundances. Within a given bulk powder,

some difference may exist in spectral features that

depend on sample particle size and illuminated area (see

discussion in Kaplan and Milliken, 2016). Variations

related to sample heterogeneity were emphasized in data

from the thick section imaging (Figures 7�8), which are

discussed below. Each measured spectrum exhibited

slightly different properties based on spatial position.

Spectral mapping

A primary goal of the present study was to provide a

foundation for the quantitative application of reflectance

spectroscopy to mapping variations in organic matter

across hand samples, outcrops, and planetary surfaces.

As a case study for an intact rock sample, reflectance

spectra for a portion of a thick section (~7 6 5 mm) of a

pyrite-bearing shale from the McArthur Basin (U-4

64.7m) were measured using an FTIR microscope. The

H/C value of the kerogen in this sample was unknown,

but the bulk sample was measured and had a TOC of

0.86 wt.%. The spectra were acquired in a grid and

resulted in a total of 825 spectra to produce a ‘map’ of

the thick section that showed a range of organic

absorption strengths along with evidence of Al-bearing

clay minerals (illite) and minor carbonate (Figure 7).

Band depth values were calculated for each spectrum

using the procedures discussed above, with the addition

of band depth calculations at 1.9 mm for H2O and at

2.21 mm for Al-OH (proxy for illite/muscovite content).

The spectra were also transformed into the same PCA

space as the bulk rock powders described above.

The PCA 1 and PCA 2 values for the thick section

grouped along the same region as the bulk rock powders

and, in fact, clustered around the powdered sample of U-

4 64.7m and other powders from the same drill core

(Figure 7). Each powder was a homogenized version of

the original rock and plotted as a single point in PCA-

space, but the chip showed the true heterogeneity of a

Table 1. Regression coefficients, error estimates, and p-values for normalized H/C and TOC regressed against band depth
(3.42 mm), PCA 1, and PCA 2. The normalized H/C values have larger coefficient (estimate) values and lower p-values for
both PCA 1 and PCA 2.

y Term Parameter (x) Estimate t Statistic p-Value

Band depth
(3.42 mm)

norm. H/C 0.27 12.97 3.846�17

norm. TOC 0.05 2.65 1.116�02

PCA 1
norm. H/C �2.31 �9.78 6.626�13

norm. TOC �0.92 �4.03 2.006�04

PCA 2
norm. H/C �3.61 �11.54 2.626�15

norm. TOC �0.95 �3.16 2.786�03
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single sample and revealed the possibility to reconstruct

spatial variations in H/C and TOC.

Within the spectral map were coherent regions of

high and low aliphatic organic content that corresponded

to visible layers in the sample. Organic (3.42 mm), Al-

clay (illite/muscovite), and H2O distributions were

compared spatially (Figure 8). Laminations with higher

clay and water contents exhibited weaker organic bands,

which was not intuitive given the known associations

between organics and clay minerals (e.g. Keil and

Mayer, 2014). In addition to band depths, the first and

second principal components were displayed spatially.

The PCA 1 value revealed no obvious spatial correlation,

but PCA 2 was highly spatially correlated with the 3.42

mm band depth. The PCA 1 and PCA 2 values were both

used to create an RGB image (where the PCA values

were normalized and the third band was set to 1) (Figure

8, bottom right). The position of these PCA values on a

PCA 1 vs. PCA 2 plot was recorded (Figure 8, bottom

left), making possible the determination of how the

values relate to the other samples in the study. In

general, the darker purple (dark gray in grayscale)

regions corresponded to higher TOC-H/C values than the

lighter purple (light gray in grayscale) regions based on

bulk sample analysis using PCA 1 and PCA 2 (Figure 5).

Band depth at 3.42 mm and band depth ratios (not

shown in figure) suggested that the H/C values fall

between 0.2 and 0.6. The position of points on the PCA

scatter plot predicted TOC values <2 wt.%. If the goal

were to find most of the organic rich portions of the

sample for further analysis, the darker layers in the thick

section would be the primary targets. Darker lamina-

Figure 7. An optical microscope image of the McArthur shale (U-4 64.7m) thick section, which was mapped using 825

(~2006200 mm) pixels. The spectra on the right are from different parts of the thick section. These spectra show a range in organic

absorption strength as well as absorption bands due to Al-clay minerals (illite/muscovite). The principal components (PCA 1, PCA

2) of the thick section were plotted to compare the PCA 1 and PCA 2 values for the thick section, bulk powder, and nearby samples

from the same drill core.

Figure 8 (facing page). The McArthur shale thick section shown in Figure 7 is shown using maps for the different spectral

parameters: band depth at 1.9 mm, band depth at 2.21 mm, band depth at 3.42 mm, the first principal component PCA 1, and the second

principal component PCA 2. The regions of greater clay and organic contents are revealed in the maps and correlate to dark layers in

the visible image (upper left). An RGB image (bottom right) of the thick section was prepared using PCA 1 and PCA 2 values. The

circles in the PCA 1 vs. PCA 2 plot (bottom left) mark the thick section and core sample powder PCA 1 and PCA 2 values.
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tions/zones that are enriched in organic material are not

uncommon in terrestrial mudrocks, but the same is not

necessarily true for planetary surfaces or materials.

Many carbonaceous chondrite meteorites, for instance,

are dark but lack organic compounds. The same is

presumably true for certain low-albedo asteroids. In

these cases, visible albedo is a poor estimator of organic

content and highlights the utility of near-IR spectral

reflectance data that can identify diagnostic C-H

absorption bands. Issues remain when transitioning

from point powder measurements to these spectral

maps of thick sections. The particle size distribution

was unknown and less scattering was returned from the

thick section and led to a reduced albedo. Significant

albedo differences between the sedimentary layers may

also influence the compositions determined from spec-

tra. Despite these caveats, this case study demonstrated

that the spectral parameters discussed in the present

paper can be applied to a spectral image and used to map

regions of higher and lower TOC-H/C, as well as make

general estimates of TOC and H/C values.

CONCLUSIONS

Using NIR-MIR reflectance spectra, a number of

spectral parameters were found to correlate to organic

abundance (TOC) and composition (H/C) in ancient

shales and the isolated kerogen samples. Absorption

areas, individual band depths (3.42 mm and 3.27 mm),

and organic band depth ratios (3.42 mm / 3.27 mm) all

increased with increased H/C values for both kerogens

and bulk rock powders. Absorption bands were not

clearly observed in spectra of isolated kerogen samples

with H/C <0.2 and placed a limit on the detection of

mature, aromatic-dominated organics using this techni-

que. In addition to H/C values, TOC also strongly

affected organic absorption bands in reflectance spectra

of bulk rock powders. The lower TOC detection limit

was predicted to vary based on the H/C value of the

kerogen. When the H/C was low, the TOC detection

limits were estimated to be 1 wt.%, but this limit was

expected to decrease to 40.1 wt.% in samples with

higher H/C values. Further constraint of these limits is

critical to properly detect and identify organic compo-

nents in geologic materials using reflectance spectro-

scopy in the laboratory, field, or remotely sensed

applications. As an example, an observed lack of organic

absorption bands in the NIR-MIR reflectance spectra of

C-type asteroids that will soon be acquired by the

Hayabusa2/MASCOT and OSIRIS-REx missions may

reflect attributes of organic composition (low H/C

values) rather than an absence of organic compounds

on these bodies.

In addition to spectral parameters, principal compon-

ent decomposition values were statistically related to TOC

and H/C for the shales and previously measured source

rocks whose spectra were examined in the present study.

An example of applying principal components and

spectral parameters to a thick section of an organic-

bearing shale revealed that increased information can be

gained when spectra are resolved at small spatial scales

(as opposed to point measurements of bulk rocks). Such

data can be used to assess qualitative differences in

organic content/composition across a sample, including

estimated TOC and H/C ranges, and in principle these

methods can be applied to larger spatial scales for

reflectance data acquired in field and orbital settings.

Obtaining quantitative estimates of H/C and TOC based

solely on reflectance spectra is nontrivial, however, if

neither property is known a priori, because both will

influence C-H absorption strength in the spectra of bulk

rocks. At a minimum, a combination of parameters is

needed to provide this information under these conditions.
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