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Abstract 

In-situ measurements of the chemical compositions and mechanical properties of kerogen help 

understand the formation, transformation, and utilization of organic matter in oil shale source rocks. 

However, the optical diffraction limit prevents attainment of nanoscale resolution using 

conventional spectroscopy and microscopy. Here, we developed peak force infrared (PFIR) 

microscopy for multimodal characterization of kerogen in organic shales. PFIR microscopy 

provides correlative infrared imaging, mechanical mapping, and broadband infrared spectroscopy 

capabilities with 6 nm spatial resolution within the frequency region of 2400 to 4000 cm-1. We 

have observed nanoscale heterogeneity in the chemical composition, aromaticity, and the level of 

maturity of the kerogens from source rocks obtained from the Eagle Ford shale play in Texas. The 

level of aromaticity of the kerogen positively correlates with the local mechanical moduli of the 

surrounding inorganic matrix, offering insights into the effect of kerogen heterogeneity on the 

nanoscale mechanical properties of the source rock. Our method and investigation advances the 

understanding towards the origin and transformation of kerogen in geological settings.  
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Introduction 

The extraction and utilization of organic matters (kerogen) from underground shale formations 

into usable petroleum and natural gas has recently become a rapidly growing means of energy 

production throughout the world.1,2 Organic matter is extracted by hydraulic fracturing 

(colloquially known as “fracking”), in which high-pressure liquids are pumped into the 

underground oil shale reservoirs to mechanically fracture it, creating fissures that allow gaseous 

and liquid hydrocarbons to escape and be collected at the surface. Kerogen is composed of both 

saturated and unsaturated hydrocarbon compounds that constitute anywhere from 1% to 15% or 

more of shale formations by weight. Fine-grained mineral particles such as quartz and clays form 

the inorganic matrix encapsulating the kerogen.3 Given the economic importance of fracking and 

the rising energy demands worldwide, the geophysical and geochemical processes underlying the 

chemical transformation of organic precursors into usable hydrocarbons has been a major interest 

for understanding the evolution of quality oil shale plays.4-6 Until recently, these models have been 

primarily limited to the effects that macroscopic properties, such as temperature, depth, pressure, 

and time, have on the quality of an oil shale reservoir.7-10 These factors are generally well-

understood and contribute to our estimations of recoverable oil shale reserves. Recent studies have 

begun to introduce more complex parameters into their models, such as total organic content, clay 

content, microcracks, anisotropy, level of thermal maturation, and overall porosity.11-15 Special 

attention has been given to the effect of structural heterogeneity on the mechanical properties 

(modulus) of source rocks.16,17 However, such models are incomplete as they are often based on 

results from scanning electron microscopy (SEM), Rock-Eval pyrolysis, and vitrinite reflectance 

measurements.18 These conventional methods have intrinsic limitations which prevent them from 

recovering important information at spatial scales below the optical diffraction limit. Due to the 

lack of a suitable high-resolution analytical characterization technique with both chemical and 

mechanical sensitivity, direct correlations between structural anisotropy and mechanical properties 

below the optical diffraction limit have been limited to predictions based on investigations at larger 

spatial scales.19-22 Direct nanoscale investigations into the chemical and mechanical heterogeneity 

of source rocks are the next challenge in obtaining more advanced geophysical and geochemical 

models of viable reservoir formations. 
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Kerogen within mature source rocks exists within nanopores throughout the source rock matrix.23 

One underexplored area of research is the effect of nanoscale kerogen heterogeneity on the 

formation of nanopores through the maturation process: what effect does the surrounding physical 

properties of the source rock have on kerogen heterogeneity and the gas potential of the reservoir? 

Currently, the influence of local factors such as the size, chemical identity, and mechanical 

properties of kerogen pores on the mechanical properties of the surrounding matrix is not well 

understood, as the nanopores are smaller than the spatial resolution of traditional spectroscopic 

methods. The optical diffraction limit binds traditional infrared microscopy and Raman 

microscopy to a half of the wavelength of light, which is approximately several microns or several 

hundred nanometers, respectively.24 SEM, on the other hand, provides high spatial resolution over 

a large area, but it lacks chemical specificity for kerogens and requires vacuum conditions. High-

energy electrons may alter or damage the sample.25,26 Routine chemical analytical techniques such 

as gas or liquid chromatography, coupled with mass spectrometry, can reveal the identity of the 

kerogens.27 These methods, however, are destructive. Generally, they require macroscopic 

amounts of samples and are unable to deliver the spatial anisotropy within the source rock.28,29 

Nuclear magnetic resonance studies can reveal the chemical structures of compounds within the 

source rock, but the spatial heterogeneity of the compounds throughout the sample is unobtainable 

with this method. Moreover, Nuclear magnetic resonance methods are often destructive due to the 

required injection and extraction of liquid which could potentially damage the structure of the 

porous source rock samples.30,31 None of these methods can determine mechanical information 

(e.g. modulus) at any spatial scale, which prevents the correlative chemical and mechanical 

measurements needed to elucidate the mechanical effects of kerogen maturation and 

transformation.  

Recently, two atomic force microscopy (AFM) based infrared microscopy methods have been 

applied to the study of organic shales. Photothermal induced resonance (PTIR, also commercially 

known as AFM-IR) spectroscopy has been coupled with traditional petrographic methods to 

characterize the microscale heterogeneity of organic matter.32 However, the AFM-IR technique 

provides only ~ 100 nm spatial resolution on source rocks, insufficient to image the nanopores and 

kerogen within. Additionally, the AFM contact mode in which the PTIR operates in is vulnerable 

to tip wear when scanning over the rigid and rough surface of unpolished source rocks. The rough 

and unpolished surface of the source rock also prevents applications with tip-enhanced Raman 
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spectroscopy,33 where the pristine condition of the metallic tip is required for optical enhancement. 

Scattering-type scanning near-field optical microscopy (s-SNOM), coupled with a synchrotron 

light source, reveals the chemical heterogeneity at an improved spatial resolution of 10 ~ 20 nm.34 

However, s-SNOM operates in the AFM tapping mode, which is unable to provide quantitative 

mechanical information. The synchrotron radiation source is also restricted for large research 

facilities and not suitable for possible field deployment. Besides, organic matters produce only 

very weak signals in s-SNOM measurements, compared with those using photothermal-based 

techniques. Moreover, another AFM based technique, Peak Force Quantitative Nanomechanical 

Mapping (Peak Force QNM) has been recently applied to the study of organic-rich shales to 

investigate the nanomechanical properties with a spatial resolution of a few nanometers. The 

mechanical measurements obtained through Peak Force QNM agreed well with predictions 

obtained through the model, indicating the possibility of predicting shale properties based on 

nanoscale measurements.35 However, the Peak Force QNM is just mechanical characterization that 

lacks chemical specificity capabilities, meaning that the correlations of the chemical heterogeneity 

of kerogen and the physical properties of the source rock at the nanoscale have yet to be explored 

by Peak Force QNM.  

To overcome the limitations of previous analytical techniques, we utilize peak force infrared (PFIR) 

microscopy to address the need for multimodal non-destructive characterizations of kerogen in 

source rocks with minimal sample preparation. PFIR microscopy is an AFM-based infrared 

imaging technique recently developed by our research group. It provides non-destructive and 

simultaneous infrared imaging and mechanical mapping, in addition to broadband spectroscopy, 

all at < 10 nm spatial resolution.36 The non-destructive nature of PFIR allows the same sample to 

be measured numerous times without affecting the properties of the sample or destroying it. This 

advantage is beneficial over Rock-Eval pyrolysis, which requires the sample to be heated to 

hundreds of degrees Celsius to characterize the chemical composition. The scheme of the home-

built PFIR microscopy apparatus with frequency coverage between 2000 cm-1 to 4000 cm-1 is 

depicted in Fig. 1 and described in the Experimental Section. The local photothermal expansion 

from infrared absorption, which is characteristic of the chemical heterogeneity of kerogen, is 

transduced by the mechanical response of the AFM cantilever. The peak force tapping mode of 

AFM, in which PFIR microscopy is operated, measures the moduli of the sample surface. The 

correlative infrared and mechanical responses enable us to decipher possible correlations between 
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kerogen moieties and local matrix properties. The characteristic infrared absorption of saturated 

and unsaturated hydrocarbon reveals the nanoscale aromaticity and enables further deduction of 

the in-situ maturity of the kerogen in the source rocks. 

 

Figure 1. Experimental scheme of PFIR microscope and data collection. (a) Experimental 

setup of the PFIR apparatus used for infrared and mechanical characterization of kerogen in 

source rocks. (b) The cantilever deflection curve measured with laser-induced contact 

resonance (red curve) and subsequently without the laser-induced contact resonance. (blue 

curve) (c) The laser-induced mechanical response of the cantilever from the photothermal 

expansion of the sample after background subtraction to produce the PFIR trace. The contact 

resonance of the cantilever is excited due to rapid thermal expansion of the sample from 

absorption of the pulsed infrared laser. (d) Subsequent fast-Fourier transform on the PFIR 

trace to obtain the contact resonance band, which is integrated and used as the PFIR signal. 

 

Experimental Section 

The scheme of the home-build peak force infrared microscopy apparatus is depicted in Fig. 1. The 

details of the optical setup are described in a recent paper published by our group.36 An atomic 

force microscope (Multimode AFM with Nanoscope V, Bruker) is operated in the peak force 

tapping (PFT) mode.37 In PFT mode, the AFM cantilever is held stationary and the sample surface 
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is oscillating vertically at a low frequency (typically 4 kHz) by a piezo state. (Fig. 1a) Near the 

upper turning point of the sample oscillation, the AFM tip momentarily contacts the surface of the 

sample, and the AFM cantilever is pushed upward, leading to vertical deflections. The maximal 

vertical deflection of the cantilever is used as the set point in the PFT feedback mechanism. After 

momentary contact, the sample surface is lowered by the piezo stage to finish one PFT cycle. PFT 

feedback maintains a controlled tip-indentation on the sample surface for each PFT cycle to avoid 

tip-wear. Infrared pulses of 10 ns duration from a frequency tunable optical parametric oscillator 

(OPO, NT277, EKSPLA) are synchronized with the PFT cycles at half of the PFT frequency. The 

OPO laser provides continuously tunable wide infrared radiation coverage (between 2400 to 4000 

cm-1) to saturated and unsaturated hydrocarbon (C-H) bonds, which is not accessible for current 

popular quantum cascade lasers.  The spectral resolution of the OPO is 10 cm-1 that determines the 

spectral resolution of the method. Photothermal expansions of the sample are generated by the 

laser at every other peak force tapping cycle and transduced by the cantilever deflection of the 

AFM. (Fig. 1b) Cantilever responses from the PFT cycle without laser excitation is recorded as a 

reference for background subtraction. (Fig. 1c) The contact resonance oscillation is observed at ~ 

2 MHz and its amplitudes is extracted through Fourier transform to obtain the PFIR signal during 

each PFT cycle. (Fig. 1d) The larger peak at ~275 kHz corresponds to the free oscillation 

frequency of the AFM cantilever (HQ:NSC15, Mikromasch). The PFIR image is formed by 

collections of the PFIR signal at a fixed laser frequency as the AFM tip is scanned over the source 

rock sample. The PFIR spectrum is collected by the sweeping the frequency of the OPO when the 

AFM tip is stationary at a location of interest. The complementary images of modulus and adhesion 

are derived from the Derjaguin-Muller-Toporov contact mechanical model from the cantilever 

deflection after tip-sample contact.38 In this model, the reduced Young’s modulus (𝐸∗) is related 

to the peak force (𝐹𝑝𝑓), the adhesion force (𝐹𝑎𝑑), the sample deformation (𝑑 − 𝑑0), and the tip 

radius (𝑅) by 

      𝐹𝑝𝑓 − 𝐹𝑎𝑑 =
4

3
𝐸∗√𝑅(𝑑 − 𝑑0)3                    (1) 

The tip radius of the probe used in the measurements is found by identifying spatial frequencies 

from a scan on a rough polycrystalline titanium calibration sample, following the standard tip-

quantification procedure of the Bruker AFM. The reduced Young’s modulus can be used to find 
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Young’s modulus of the sample, assuming that the tip modulus (𝐸𝑡𝑖𝑝) is infinite, given that the 

Poisson’s ratio for the sample (𝜐𝑠) is known by 

𝐸∗ = [
1−𝜐𝑠

2

𝐸𝑠
+

1−𝜐𝑡𝑖𝑝
2

𝐸𝑡𝑖𝑝
]

−1

      (2) 

However, the Poisson’s ratio is generally not precisely known, it is typical to report the reduced 

modulus.39 Quantitative measurements of modulus are achieved through the absolute method of 

measuring the tip radius, spring constant, and deflection sensitivity prior to the experiment.  

Immature source rock samples used in this study were obtained from the Eagle Ford shale play in 

southwest Texas. The core samples were pulverized into fine powders (10 to 25 µm, determined 

by an optical microscope) and mechanically pressed under 6000 psi to reconstitute the samples 

into flat pellets of two parallel surface for the PFIR measurements. Samples with two parallel 

surfaces are required for the AFM instrument. This method is similar to the KBr pellet method of 

sample preparation that has been widely used in previous spectroscopic petrography studies.32,40-

42 Here, we reconstituted the powders into pellets without using KBr, so that the true topographic 

and mechanical information could be extracted. PFIR images were measured on sample surfaces 

measuring 3 μm × 3 μm over multiple grains. PFIR images were completed in the PFT mode at a 

scan rate of 0.2 Hz, a peak force set point of 9 nN, a PFT frequency of 4 kHz, and a sample 

oscillation amplitude between 50 to 90 nm, depending on sample roughness. PFIR images were 

obtained in approximately 40 minutes each. Signal was collected in real time with a data 

acquisition card (PXI-5122, National Instruments) at a 50 M samples/second sampling rate. The 

complementary topography, adhesion, and modulus maps were collected at a PFT frequency of 2 

kHz. These measurements were obtained separately from the PFIR measurements to eliminate any 

possible signal cross-talk between photothermal expansion and AFM probe indentation. 

 

Results 

PFIR microscopy reveals the distribution of infrared responses from kerogen in immature oil shale 

source rocks together with correlative mechanical properties of reduced Young’s modulus and 

adhesion. The PFIR measurements are displayed in Fig. 2. The topography of the sample (shown 
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in Fig. 2a) reveals the surface roughness of a 3 𝜇𝑚 × 3 𝜇𝑚 region. Note that because the sizes of 

pulverized grain are between 10 𝜇𝑚 and 25 𝜇𝑚, the measurement area is likely to be on a single 

grain.  Adhesion (Fig. 2b) and modulus (Fig. 2c) images provide the mechanical properties of the 

same region. The topography and mechanical images do not provide indications to chemical 

compositions. The distribution of saturated hydrocarbons (shown in Fig. 2d) is revealed by the 

PFIR microscopy at the infrared frequency of 2920 cm-1 that is characteristic of alkyl CH2 

asymmetric stretching. Similarly, the distribution of the unsaturated hydrocarbons (displayed in 

Fig. 2e-f) is revealed at the infrared frequency of 3032 cm-1, which is resonant with the unsaturated 

CH stretching. Spectroscopic contrasts within each image indicate that kerogens of varying 

chemical identity are spatially localized within the sample at the nanoscale. The infrared 

frequencies of 2920 cm-1 and 3032 cm-1 are chosen as they can be differentiated within the 

accompanying spectra and do not overlap with other infrared-active species found within source 

rocks. These two frequency responses allow us to affirm the identities of kerogen as containing 

either unsaturated hydrocarbons, saturated hydrocarbons, or both if the signal overlap is present in 

images or spectra.  

Individual point spectra (Fig. 2g) are taken to further elucidate the identity of the kerogen. The 

collection of PFIR spectra was achieved by sweeping the frequency of the OPO while the AFM 

probe remained at a location of interest while under PFT mode feedback. The PFIR signal from 

the contact resonance normalized by the laser power was plotted versus the infrared frequency to 

form the PFIR spectrum. Distinct chemical identities are revealed throughout the sample surface, 

as suggested by the differences from point spectra. The spectrum originating from the 2920 cm-1 

active area (gray spectrum) further supports the notion that PFIR signal in Fig. 2d originates from 

saturated hydrocarbon-rich kerogen due to the pronounced peak at 2920 cm-1. The incomplete 
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separation of the peaks at 2920 cm-1 and 2870 cm-1, which are typical resonances of aliphatic 

hydrocarbons, is attributed to two sources. Kerogen is a mixture of numerous aliphatic 

hydrocarbon moieties which leads to the inhomogeneous broadening of the two peaks typically 

seen for aliphatic hydrocarbons. This effect is coupled with the relatively low spectral resolution 

of our light source (10 cm-1), further convoluting the two standard aliphatic peaks. The red arrow 

is shown in Fig. 2d indicating a location that is low in saturated concentration, despite the point 

spectrum showing a large concentration of saturated functional groups (2920 cm-1). It is important 

to note that the spectra shown in Fig. 2g are normalized to each other and offset. The important 

characteristics shown by the spectra are the relative differences between the saturated absorption 

(2920 cm-1) and the unsaturated absorption (3032 cm-1) within each spectrum. 

The spectra taken at the 3032 cm-1 areas in Fig. 2e (red, blue, and green spectra) show the presence 

of unsaturated rich constituents within the source rocks. In these studies, the PFIR signal at 3032 

cm-1 is much weaker than the signal at 2920 cm-1. This observation can be attributed to relatively 

low aromaticity or concentration of unsaturated hydrocarbons. The common absorption at ~3250 

cm-1 likely corresponds to the N-H stretching mode for nitrogen-containing compounds within the 

immature kerogen.  

A spatial resolution of 6 nm is extracted from the cross-section marked in Fig. 2f as the width 

between the edge height of the PFIR signal. Similarly, the spatial resolution of the modulus and 

adhesion images are extracted and shown in Fig. S3. The apex radius of the probe used in this 

measurement is found to be 30 nm, following the standard tip-quantification procedure of the 

Bruker AFM.36 The spatial resolution of PFIR surpasses the tip radius because the tip-sample 

contact area in the peak force tapping mode is smaller than the full probe radius due to small 
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indentations in each tip-sample contact cycle. Due to the similar spatial resolution between the 

PFIR and mechanical images, meaningful correlations between these images can be explored. 

 

Figure 2. PFIR acquired images and point spectra of an immature 3 μm ⅹ 3 μm Eagle Ford 

source rock sample. (a) Topography of the source rock. The scale bar is 1 μm. (b) Adhesion 

between AFM tip and the sample. (c) Modulus map of the source rock sample surface. (d) 

PFIR image taken at 2920 cm-1, indicating the presence of saturated hydrocarbon compounds. 

(e) PFIR image taken at 3032 cm-1, characteristic of unsaturated compounds. (f) A 330 nm 

× 330 nm PFIR image taken at 3032 cm-1 positioned within the location of the white box in 

2e. (g) Point spectra taken from chosen areas on the surface as indicated by the colored 

arrows in the accompanying PFIR images. (h) A spatial resolution of 6 nm is observed from 

a cross-section in (f), indicated by the yellow line. 
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The multimodal capability of PFIR microscopy allows establishing correlations between chemical 

signal and its accompanying mechanical signal. Fig. 3 displays another multimodal PFIR 

measurement of the same oil shale source rock sample at a different 3 μm × 3 μm area located on 

a separate grain of powder, in which more unsaturated moieties are revealed than in the region of 

Fig. 2. Fig. 3a shows the topography of the region. The PFIR images from the saturated (Fig. 3c), 

unsaturated hydrocarbons (Fig. 3d), and accompanying modulus map (Fig. 3b) are processed to 

obtain the correlations between chemical compositions of kerogen pores and moduli of 

surrounding inorganic matrix. The spectral intensities at individual locations are correlated with 

the average moduli of their surroundings. Fig. 3e shows the average moduli of the surrounding of 

both saturated hydrocarbon and unsaturated hydrocarbon versus the distance from the 

hydrocarbons. The detailed procedure of the data processing is included in Fig. S1. The correlation 

between the surrounding moduli and the distance reveals that kerogen of saturated hydrocarbon 

correlates with low-modulus surroundings; in contrast, kerogen of unsaturated hydrocarbons 

correlates with high-modulus surroundings.  

How should we understand such correlations? Assuming that the organic matter precursors of the 

kerogen from the 3 μm × 3 μm region have the same initial maceral composition (organic matters 

from ancient organisms), because of the small size of the region. Under external pressure, the high-

modulus inorganic surroundings transfer higher pressure to the organic matters trapped within the 

inorganic matrix than low-modulus surroundings, leading to variations of local pressure levels on 

the initial maceral compositions. Variations of the local pressures at the nanometer to microscale 

lead different stages of organic matter in the maturation pathway. As the percentage of hydrogen 

reduces during maturation,43 the density of organic matter increases. Unsaturated kerogen moieties 

have a higher density than saturated kerogens.44,45 Different local pressures from the inorganic 



12 
 

matrix affect equilibria of chemical reactions that transform kerogens of saturated hydrocarbons 

into kerogens of unsaturated moieties over millions of years.46 Described by Le Chatelier's 

principle, higher external pressure favors chemical species with smaller volume (or higher density) 

in chemical reactions. Therefore, the high-modulus inorganic matrix favors the generation of high-

density kerogens of more unsaturated moieties than saturated moieties, which is supported by the 

observed correlations between the chemical identity and moduli of the surrounding inorganic 

matrix. Note that we do not rule out other factors in the chemical transformation of the kerogen, 

most notably the organic precursor composition. However, since the area of study (3 μm × 3 μm) 

is very small, macroscopic parameters such as the original depth of the sample, as well as the 

temperature and pressure experienced during the past millions of years are practically the same. 

 No correlation between the adhesion image and the PFIR images in Fig. 2 was found. We 

believe the kerogen is buried slightly below the surface of the oil shale but within the field 

enhancement of the infrared light. Since adhesion is measured at the surface, there is no guarantee 

of clear correlation or anti-correlations between adhesion and chemical distributions. On the other 

hand, the level of correlations between maps of organic composition and adhesion may indicate 

whether the kerogen is enclosed within the rock or present at the surface. This aspect may provide 

insight toward the vertical nanoscale distribution of the kerogens in the source rock.  
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Figure 3. A correlation between chemical and mechanical observed with PFIR. (a) 

Topography obtained from a 3 μm × 3 μm area of an Eagle Ford shale source rock sample. 

The scale bar is 800 nm. (b) Modulus obtained over the same area. (c) PFIR image at 2920 

cm-1 showing the presence of saturated hydrocarbon groups. (d) PFIR image at 3032 cm-1 

showing the presence of unsaturated hydrocarbon groups. (e) Correlation between chemical 

identities and surrounding modulus values. Data from the unsaturated-modulus correlation 

are depicted in red and data from the saturated-modulus correlation are depicted in blue. The 

average modulus (4.5 GPa) is obtained by averaging the modulus over the entire image in 

(b). 
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We can also derive the aromaticity of the region of measurement. Aromaticity, the relative amount 

of carbon atoms in a sample that exist in unsaturated moieties, is an important factor for the 

utilization of the kerogen as it is a factor to the overall quality of oil shale. Aromaticity is also 

important when assessing the potential risks that fracking poses to surrounding water basins and 

watersheds, due to the carcinogenic nature of many organic unsaturated compounds.47-49 The 

extracted numerical data from the chemical maps in Fig. 3c-d were normalized and plotted as a 

point-density map. Aromaticity was found with a method similar to that used by Craddock et al.50  

In our case, a heatmap is generated by extracting the signal magnitude of each pixel from the 

chemical maps in Fig. 3c-d. Since both maps correspond to the same sample area, the saturated 

absorption intensity at 2920 cm-1 can be plotted against the unsaturated absorption intensity at 

3032 cm-1. After normalization, the aromaticity can be calculated as 𝑓𝑎 =  
𝐼3032

𝐼3032+𝐼2920
. Data points 

less than 20% of maximum signal magnitude after normalization were attributed to the inorganic 

matrix and not used in determining aromaticity. Fig. 4 displays the heatmap produced from 

correlating normalized intensities of saturated (2920 cm-1) and unsaturated hydrocarbons (3032 

cm-1) from PFIR images as described above. This method establishes aromaticity of 0.13, typical 

to values reported previously of shales of the same origin.32,51 
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Figure 4. Aromaticity measurement obtained through PFIR. A heatmap of normalized PFIR 

signal intensities produced by plotting each individual pixel corresponding to PFIR intensity 

at 2920 cm-1 with the PFIR intensity at 3032 cm-1. PFIR intensities accounting for the 

weakest 20% of the maximum signal are attributed to the inorganic matrix within the sample 

and is ignored for aromaticity calculation. The data is extracted from the measurement shown 

in Fig. 3. 

The ratio between the saturated hydrocarbon and unsaturated hydrocarbon infrared responses 

allows us to derive the in-situ maturity of the kerogen at the nanoscale. The maturity of kerogen is 

an indicator of a reserves shale-oil production quality.52,53 In FTIR characterization of oil shale, 

peak-ratios from infrared spectra correlate with the thermal maturity and classification of the 

kerogen within oil shale samples.51,53,54 As previous literature and our measurements above have 

revealed, the maturity of kerogen varies greatly across sub-micron length scales.32 Previous 

literature suggests that the elastic properties within sub-micron length scales result from variability 

in the rate of maturation within these areas.55 However, measurement of the maturity of kerogen 

at spatial scales below the optical diffraction limit is inaccessible by traditional infrared 
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spectroscopy.50,53,56 In contrast, the high spatial resolution of the PFIR microscopy and its ability 

to collect spectra at individual location enables the comparison of nanoscale macerals within the 

same sample. In our study, we collect PFIR spectra from eight locations on the sample of Fig. 3 

and four locations from Fig. 2. The locations of the measurements are marked in Fig. S2.  PFIR 

spectra allow for the C-factor (the oxygenated character) and A-factor (the saturated character) to 

be obtained from normalized spectra by the creation of a van-Krevelen diagram. Van-Krevelen 

diagrams are commonly used in spectroscopic studies of oil shales and coals to depict the extent 

of chemical transformation of the kerogen towards natural gas, oil, and other energy-rich materials. 

The diagram uses infrared proxies to calculate the maturity of the oil shale samples. Here, the 

maturity of the kerogens was completed in a method according to that used by Ganz et al.51 To 

obtain the relative saturated hydrocarbon content, the A-factor was calculated as [𝐼2920]/[𝐼2920 +

𝐼3032] To obtain the relative oxygen content in each sampled area, the C-factor was calculated as 

[𝐼3645]/[𝐼2920 + 𝐼3032]. The sharp peak at around 3645 cm-1 was chosen for this calculation as it 

is indicative of the O-H stretching vibration. 2920 cm-1 and 3032 cm-1 result from saturated (CH2 

asymmetric stretching) and unsaturated (CH stretching) hydrocarbons groups, respectively. This 

method slightly differs from Ganz’s method since 3645 cm-1 was chosen as the oxygenated band 

instead of 1710 cm-1 to ensure the laser spot size and focus of our OPO remains unchanged 

throughout the measurement. 3645 cm-1 is a common infrared absorption in many of the matrix 

components, which could potentially lead to overestimating the oxygen content. However, kerogen 

in oil shale exists in pores ranging from many nanometers to micrometers in diameter and is 

spatially separated from the mineral matrix. The high spatial resolution of PFIR ensures that the 

oxygen content from the mineral matrix can be avoided, by obtaining infrared spectra at the center 

of the kerogen pores. It is possible that the kerogen is buried underneath the shale surface but still 
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within the field enhancement of the infrared light by the metallic tip. In this case, the oxygen 

contribution from the mineral matrix components would be small, since the field enhancement is 

also small. Fig. 5 shows the resulting van-Krevelen diagram of kerogen maturity obtained through 

analyzing peak ratios obtained at different locations along with the sampled areas. These specific 

areas were chosen since the PFIR images in Figs. 2-3 indicated the presence of organic moieties 

of varying composition at these locations. In our study, the A-factors and C-factors are calculated 

through a method similar to other commonly employed methods.32,50,51 The method of treatment 

is described in the Experimental Section. The measurements reveal varying kerogen maturity from 

adjacent organic pockets. The organic matter within the Eagle Ford shale play is classified as type 

II kerogen, since the maceral composition originated primarily from plankton.57 In typical van-

Krevelen diagrams, the maturity of many oil shale samples are compared to each other after 

artificial maturation. This allows for a maturation pathway to be established for that sample.51,58,59 

However, our measurement provides the ability to estimate and compare the level of the maturity 

and reveals heterothe geneity of the maturity for individual macerals from the nanoscale. The 

importance of the observation here is that the maturity of individual macerals varies at the 

nanoscale, despite being subjected to the same pressure and temperature over geological time 

periods.  
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Figure 5. Van-Krevelen diagram obtained from PFIR point spectra. Twelve spectra of organic 

pockets within the Eagle Ford source rock sample are used to generate this plot in order to 

demonstrate the existence of nanoscale heterogeneity of the maturity states of the organic matters. 

The colors indicate two separate 3 μm × 3μm measurement regions, indicated in Fig. S2. The blue 

data points are obtained from locations within the area measured in Fig. 2, and the red data points 

show the measurements obtained from the location measured in Fig. 3. For each data point, the 

relative intensities of saturated functional groups (A-factor) are plotted against the relative 

intensities of oxygenated functional groups (C-factor) within a single point spectrum. The dashed 

line indicates the typical maturity pathway for Type-II kerogen as a guide, following a typical 

maturation pathway. 

 

Discussion 

PFIR microscopy is advantageous for investigations of oil shale source rocks, compared with the 

existing AFM-based infrared techniques. In our studies, to access the characteristic C-H 
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vibrational mode around 3000 cm-1, we combine a frequency tunable optical parametric oscillator 

with our PFIR apparatus, which results in an infrared microscope that is capable of measuring an 

infrared bandwidth between 2400 cm-1 and 4000 cm-1 at 6 nm spatial resolution. In comparison, 

the QCL based nano-IR microscopies do not offer such a wide coverage at high-frequency mid-

infrared range. The traditional PTIR technique also does not offer sub 10 nm spatial resolution. 

The 6 nm spatial resolution obtained from PFIR on source rocks is far greater than the ~100 nm 

spatial resolution of the AFM-IR technique32,60 and the ~ 20 nm spatial resolution of s-SNOM.34 

The peak force tapping operational mode of PFIR is suitable for unpolished source rock surfaces, 

which are typically rough. In comparison, the contact mode AFM that the AFM-IR technique 

operates in cannot handle rough and sticky surfaces due to tip wear and sample scratches. The 

quantitative mechanical information from the peak force tapping in PFIR microscopy enables 

nanoscale correlations between the mechanical and chemical responses in one operational mode. 

In contrast, the tapping mode s-SNOM does not provide any access to the quantitative mechanical 

information of the sample. The chemical sensitivity of PFIR microscopy is advantageous over 

scanning electron microscopy or atomic force microscopy that only provides the morphology of 

the sample. In addition, PFIR microscopy is nondestructive to the sample and operates under 

ambient conditions, which is advantageous over the scanning electron microscopy that requires 

high-energy electrons and high-vacuum conditions or the commonly employed nuclear magnetic 

resonance which requires injection of liquid into the sample. PFIR microscopy is suitable for 

providing both chemical and mechanical information for organic source rock samples.  

Our investigation on oil shale source rocks demonstrates the presence of nanoscale heterogeneity 

of the chemical compositions of kerogen and associated aromaticity and maturity. The correlation 

between the mechanical and chemical compositions revealed by our method suggests that the local 
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mechanical modulus of the inorganic matrix may influence the nanoscale chemical transformation 

of the kerogens. Higher modulus inorganic matrices favor the generation of kerogen with high 

unsaturated-moiety concentration over lower modulus inorganic matrix.  

Further improvement of the PFIR microscopy measurement of kerogen can be made in several 

aspects. For example, statistical treatment can be used with multiple measurement of the same 

areas and locations to derive a confidence limit on the measured aromaticity and maturity. On the 

sample preparation procedure, instead of pulverizing the sample to create a pellet of parallel 

surfaces to satisfy the requirement of the AFM, the sample of source rock can be polished to create 

a parallel flat surface for the AFM. On the instrument side, infrared laser sources with narrower 

spectral bandwidth than the existing OPO can be used to improve the spectral resolution, so that 

the resonant peaks of the kerogen will be better resolved, and further spectral analysis procedures 

such as principal component analysis can be performed.  Nonetheless, the purpose of work here is 

to first demonstrate the possibility and the opportunity of using PFIR microscopy for in situ studies 

of oil shale source rock. Fine-tuning of the method and instrument will be carried in continuing 

studies. 

Conclusion 

In summary, we have demonstrated that the PFIR microscopy is a non-destructive nanoscale-

resolution multimodal infrared and mechanical characterization technique in the study of kerogen 

in oil shale source rocks. Using this method, nanoscale heterogeneity of chemical compositions, 

aromaticity, and maturity have been revealed and the aromaticity of the kerogen has been found 

to correlate with the local mechanical properties of the inorganic matrix. We hope that the high 

spatial resolution imaging/analytical methodology will constitute an important step to provide 
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additional chemical insight for detailed geochemical models aimed at understanding the origin and 

transformation of kerogen in geological settings.55  
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