Elemental Mapping and Geochemical Characterization of Gas Producing Shales by Laser
Induced Breakdown Spectroscopy

Jinesh Jain®¢, C. Derrick Quarles Jr.%, Johnathan Moore®®¢, Daniel A. Hartzler®¢, Dustin
Mclntyre®, Dustin Crandall®

2DOE National Energy Technology Laboratory, Pittsburgh, PA, USA
b DOE National Energy Technology Laboratory, Morgantown, WV, USA
¢ AECOM at the National Energy Technology Laboratory, Pittsburgh, PA, USA
d Applied Spectra, Inc, Fremont, CA, USA
¢ AECOM at the National Energy Technology Laboratory, Morgantown, WV, USA
# current address: Elemental Scientific, Inc., Omaha, NE, USA
Abstract

Laser induced breakdown spectroscopy (LIBS) has been used for the analysis of
hydrocarbon bearing shale samples. Shale samples taken from a Marcellus gas well at depths
ranging from 7498-7551 feet (2285.4 — 2301.5 m) were analyzed by LIBS using an 81 x 81 grid
pattern covering an 8 x 8 mm area. The data collected from these experiments were used to
construct 2D elemental maps for each sample including the hydrocarbon forming elements C and
H. Results show that the spatial elemental composition of the shale varies due to the matrix of the
rock, and as a function of the sample depth. The accuracy of analysis was confirmed by analyzing
a shale sample of known elemental concentrations and obtaining a good agreement between
analyzed and reference values. It has been shown that LIBS can be used to determine elemental
composition variations in hydrocarbon bearing shales in a laboratory setting. Extending this
capability into wellbores will enable producers to rapidly target resources with greater accuracy.

Keywords: Laser Induced Breakdown Spectroscopy, Elemental Analysis, Hydrocarbon,
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Introduction



Natural gas production world-wide is projected to increase substantially by 2040 and shale
gas is expected to account for 30% of this increase in production [1]. Therefore, it is crucial to
develop techniques that are cost effective, rapid, and precise to help producers and researchers
alike determine the composition of these reservoir rocks. This will not only allow well operators
to determine rock properties prior to major completion activities but also help inform the
hydrocarbon potential in the highly heterogeneous shale reservoirs.

The Marcellus shale formation in the eastern United States is an organic rich shale that has
been a prolific producer of natural gas and is the largest reservoir of natural gas in the Appalachian
basin, having an estimated reserve of 77.2 trillion cubic feet [2]. The production of hydrocarbons
from unconventional shale plays has increased drastically over the last 2 decades with
improvements to horizontal drilling and hydraulic fracturing techniques [3, 4]. However,
characterization of reservoir rock is still a vital first step in identifying best practices and
production techniques. Knowledge of elemental composition provides insight into key rock
properties, such as porosity, permeability, and the presence of minerals (which can be identified
using a variety of techniques [5-14]) that affect oil and gas production and influence decisions
about drilling methodologies.

Currently, X-ray fluorescence (XRF) is the preferred technique for the elemental analysis
of rock cores due to its low cost and fast acquisition times [15]. Scanning electron microscopy-
energy dispersive spectroscopy (SEM-EDS) has also been used for the spectral mapping of shale
samples for distribution analysis [16]. However, this is a more time and cost intensive analysis
technique and requires careful sample preparation [17]. These techniques rely on the rock samples
to be extracted from the wellbore and transported to the lab; handheld XRF surveys can be

conducted in the field, but still require extraction from the wellbore. XRF is limited by poor lower



detection limits [18], particularly for light elements and is not suitable for the analysis of carbon
and hydrogen [19, 20], which can indicate the presence of hydrocarbons. Also, while SEM-EDS
can detect carbon, it is insensitive to hydrogen [17]. In addition to the two aforementioned
techniques, destructive testing, which can also be time and cost intensive, is needed to obtain
representative C and H values [21]. In this methodology, we propose laser induced breakdown
spectroscopy (LIBS) as an alternative analytical technique for the simultaneous analysis of metals,
light elements, and H/C values.

LIBS is a rapidly advancing and fast analytical technique for core analysis [8-10, 22-24]
that requires minimal sample preparation and can theoretically provide concentrations of every
element on the periodic table of a given sample [25-27]. In LIBS, a pulsed high energy laser beam
is focused on the sample to be analyzed forming a plasma; characteristic spectral signatures of
elements present in the sample are collected and analyzed to extract the necessary information.
The technique is able to perform both surface (2D spatial) and depth analysis of a sample [28, 29].
Additionally, LIBS can operate in extreme conditions, has a high degree of flexibility in probe
design and uses fiber optics which make it an attractive tool for in-situ analysis in harsh
environments and difficult to reach places [30-36]. In-situ analysis can be useful in the situations
where the results may be affected by the ambient conditions at the land surface and sample
disturbance during extraction is an issue; it also reduces cost by lessening the need for difficult

core recovery.

In this study, LIBS is evaluated for analysis of Marcellus shale samples taken from depth
at the Marcellus Shale Energy and Environment Laboratory (MSEEL). Located in Morgantown,
WV, MSEEL is a field site with multiple production and scientific wells sponsored by the

Department of Energy (DOE) National Energy Technology Laboratory (NETL) and operated by



West Virginia University, Northeast Natural Energy, Ohio State University, Schlumberger, and

other partners (www.MSEEL.org [37]). MSEEL is a highly instrumented and transparent well that

has given researchers access to highly coveted well data and provided a platform for demonstration
of some of the most advanced techniques to-date being employed in tight shale gas production.
Ongoing research at MSEEL is evaluating long-term environmental impacts and improvement of

production techniques based on data gathered at the site.

2. Material and Methods
2.1 Sample and preparation

The MSEEL shale samples used in this study were taken from a Marcellus gas well (MIP
3H) at depths ranging from 7498-7551 feet (2285.4 —2301.5 m). The composition of the Marcellus
is highly variable across the basin, and has been reported in previous studies to be composed of 9-
35% mixed-layer clays, 10-60% quartz, 0-10% feldspar, 5-13% pyrite, 3-48% calcite, 0-10%
dolomite, and 0-6% gypsum [2, 38-42]. The organic content is variable as well, ranging from 1 —
20% [2], but typically on the lower half of this range. Shale samples were cut into pieces that
ranged from 20 — 60 mm laterally and < 10 mm in thickness. Calibration curves were prepared
from ICP-OES data taken from Marcellus shale outcrop samples, a gray shale from Petersburg
WYV and a black shale from Bedford PA [43-45]. These outcrop samples were also analyzed for C
and H content at the University of Western Kentucky using the Leco CHN TrueSpec and ASTM
method D 5373 and ranged in C and H content from 1.23 — 9.33 wt. % and 0.50 — 0.54 wt. %,
respectively. The MSEEL core had been previously characterized by handheld XRF at 16.7 mm
intervals and the total organic carbon (TOC) was measured by pyrolysis at three-foot (change to

exact number) intervals. XRF data was measured on the core surface by an Innov-X® Delta
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Standard M-6000 X-Ray Fluorescence Spectrometer for 120s per beam using the dual beam
mining mode [46]. Pyrolysis data was measured by a Weatherford Source Rock Analyzer.
2.2 Instrumentation

Samples were analyzed using a J200 LIBS instrument (Applied Spectra, Inc., Fremont,
CA). The J200 instrument is equipped with a 266 nm, 8 ns Nd:YAG laser, a 6 channel CCD
broadband spectrometer with a spectral window of 185 — 1050 nm, and a gas purged sample
chamber. The system is fully integrated and controlled using Applied Spectra’s Axiom® operation
software. The method conditions are listed in Table 1 for both the calibration and mapping
methods. Ultra-high purity helium gas (Praxair Inc., San Jose, CA) was used for all experiments
to purge the sample chamber of any atmospheric gases. All data (spectra, calibration curves, and
elemental maps) were analyzed using Applied Spectra’s Data Analysis package. Each data point
in the elemental maps is the integral of an elemental peak from the spectrum.

Table 1. LIBS conditions for the shale maps and calibration samples.

Shale Maps Calibration Samples
Laser spot size 50 um 50 um
Laser energy 6.75mJ 6.75mJ
Laser repetition rate 10 Hz 10 Hz
Gas environment 0.5 L/min He 0.5 L/min He
Spectrometer delay 0.25 us 0.25 us
Laser pulses 5 pulses per location 5 pulses per location
Analyzed area 8 mm x 8 mm (64 mm?) 8 mm x 8 mm (64 mm?)
Mapping method type  Grid points Grid points
Mapping method size 81 x 81 (6,561 data points) 5 x 5 (25 data points)
Time per sample 390 min 1 min 32 sec

3. Results and Discussions

Four Marcellus samples retrieved from depths 7498’ (2285.4 m), 7504’ (2287.2 m), 7531°

(2295.4 m), and 7551” (2301.5 m) were analyzed to assess LIBS in comparison with traditional

techniques and are identified as M7498, M7504, M7531, and M7551, respectively. The images



indicating the size of shale specimens and their corresponding depth is presented in Figure 1. An
81 x 81 grid that covered an 8 mm x 8 mm (64 mm?) area was used for LIBS scanning. Several
elements including Al, C, Ca, Fe, H, Mg, O, and Si were mapped for this study, although this is
not a complete list of the elements detected. It should be noted that all mapping was done along
the shale bedding plane surfaces. Samples were not polished beforehand, however, the
instrument’s autofocus capability is able to compensate for the uneven sample surface. To avoid
any absorption of C and H from the air, all samples were kept under a helium environment for
about 30 minutes prior to and during the analysis.. The comparison of the 1% laser shot with

shots 2-5 did not reveal any evidence of sample surface contamination (data not shown).




Figure 1: Images of the shale samples before and after ablation. Four Marcellus shales
(M7531, M7551, M7504, and M7498) were included in this study. Samples were mapped

along the bedding plane surfaces.

The data collected for these elements were used to construct 2D maps for each shale
sample. Each spectrum utilized 5 laser shots per location to provide a good signal-to-noise ratio.
A representative map for Al is presented in Figure 2. In this case the 394.37 nm plasma emission

line of Al was used to generate a 2D image using the x-y coordinates of the ablated area.
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Figure 2. Image of the ablated area and the Al 394.37 nm emission intensity map created

from the LIBS measurements of the M7504 sample.

Figure 3 displays the uncalibrated emission intensity maps for Ca, Al, O, Fe, Mg, and Si
of the shale samples. Simple visual comparison illustrates the heterogeneity inherent to the
samples, which is expected of natural materials. Within the mapped area of each sample a

heterogeneous distribution for most of the elements is evident (Figure 3).



Aluminum (a.u.)
-50,000

Calcium (a.u.)
-900,000

-0

Iron (a.u.)

i- 110,000
-0

Magnesium (a.u.)

i-700,000
-0

Silicon (a.u.)

i-ZS0,000
-0

Figure 3. Intensity maps of O 777.30 nm, Al 394.37 nm, Ca 393.36 nm, Fe 274.80 nm,

1543

M7551

Mg 280.27 nm, and Si 288.16 nm for the 4 shale samples. Since the plasma emission



intensity differs for each element, the data sets were normalized by max intensity per
element to facilitate visual comparison of these different components. Extra Al and Fe
counts seen in the region of the crack in sample M7551 are an artifact likely caused by the

laser and collection optics being out of focus when passing over the crack.

Because of its excellent detection limits and capability of analyzing lighter elements, LIBS
is a suitable technique for determination of C and H. For analysis of hydrogen the most intense
and interference free atomic line H 656.29 nm was used. The 247.86 nm carbon line is susceptible
to interferences by major elements present in shale (specifically Fe, [47]) therefore, the C 193.09
nm atomic line was chosen for analysis of carbon. A comparison of maps for the two carbon lines
confirms that the most intense C 247.86 nm line suffers from interferences however, the second
most intense line C 193.09 nm was free of interferences and can be used to generate meaningful
data. Figure 4 shows the uncalibrated C and H emission intensity maps organized by increasing
depth from where the shale samples were retrieved, and a visual comparison shows that sample
M7504 has relatively higher C and H contents compared to the other samples, further

demonstrating the heterogeneity of the Marcellus shale.
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Figure 4. Intensity maps of C 193.09 nm and H 656.29 nm for the 4 shale samples based

on drilling depth.

LIBS requires calibration in order to quantify the collected data. To our knowledge matrix
matched calibration standards (i.e. physically and chemically identical samples of known
concentration) for shale are not available commercially. Therefore, Marcellus shale outcrop
samples characterized by ICP-OES and CHN analysis were utilized as calibration standards. The
outcrop samples were mapped along with the unknown Marcellus shale samples to create
calibration curves for all the elements. Calibration curves for C and H are presented in Figure 5.
The C 193.09 nm line was used for calibrating carbon while hydrogen was calibrated using the
atomic line H 656.29 nm, both lines lack interferences that would affect the response. The
calibration curves for both C and H show good linearity with correlation coefficients (R?) of 0.9954

and 0.9933, respectively. It must be noted that, while the outcrop shale samples appear to be a
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matrix matched calibration standards, multiple sources of uncertainty exist to compromise the
quantification of the analysis. Geological samples often contain multiple phases (e.g. quartz,
calcite, etc.) each with their own local matrix to make it difficult to truly match the sample matrix
to the standards and blanks. As indicated in the literature ( ) some of these factors may prevent
passing of calibration curve through the origin. Therefore, a rigorous quantitative measurement
are needed to to account for the matrix effects of each phase encountered. A number of data
analysis techniques available in the literature can provide detailed information about the samples

such as the type and distribution of mineral or organic phases [8-13],.
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Figure 5. Calibration curves for C 193.09 nm and H 656.29 nm based on 5 x 5 ablated grid.
Using these calibration curves, the emission intensity maps for C and H (Figure 4) were
converted to concentration maps (Figure 6). It is clear from the figure that C and H concentrations
vary dramatically from sample to sample. Average concentrations of C and H for all 4 samples are
presented in Table 2, which ranged from ~ 5.89 — 9.26 wt. % carbon and ~ 0.46 — 0.53 wt. %
hydrogen. Like in the qualitative maps (Figure 4), the MSEEL sample (M7504) shows the highest
concentration of both C and H, with average concentrations of 9.26% and 0.53% respectively.
These concentrations are the highest among all the samples and support the observations made in

the concentration maps in Figure 6. Based on these calibration standards the limits of detection for
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C 193 nm and H 656 nm were calculated to be 848 ppm and 3.5 ppm, respectively. The limits of
detection were calculated as 3o/m where ¢ is the standard deviation of the background around the

peak and m is the slope of the calibration curve [48].

M7504 M7531

C (wt. %)

H/C

Figure 6. Concentration maps of C and H determined for each of the shale samples. H/C ratio
maps, bottom row, were constructed using (H wt. %/1.00011)/(C wt. %/12.011).

Table 2. Average concentration of C and H determined over the 8 x 8 mm area (n = 6,561 points) of each
shale sample (Wt. %). RSD = relative standard deviation

c193 %RSD H 656 %RSD
M7498 7.13 8.4 0.46 8.1
M7504 9.26 5.1 0.53 9.2
M7531 7.93t 8.1 0.47 9.4

M7551 5.89 21.0 0.48 7.3
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Similarly, the intensity maps for other elements were converted to concentration maps (not
shown) and the elements were quantified using the outcrop calibration standards. Table 3 presents
the concentrations of Al, Ca, Fe, Mg, and Si averaged over each 8 mm x 8 mm area, with standard
deviation (SD) for all 4 shale samples. The SD in this case gives a measure of sample heterogeneity
rather than error of the scanned area in terms of mineral composition. Mapping of shale samples
for major elements can not only provide information about the distribution of these elements within
the shale rock but can also be used to identify the type of minerals [8-14]: e.g., silicates,
aluminosilicates, carbonates, sulfides, clays, quartz, feldspar, dolomite and more.

Table 3. Average elemental concentration determined over the 8 x 8 mm area (n = 6,561 points) of each
shale sample. Oxygen was not quantified due to lack of reference values.

Concentration Average Value (Wt. % £ 1 SD)

Sample Al Ca Fe Mg Si

M7498  0.7110.52 1.22+0.20 1.74+0.11 0.650.04 21.7+0.99
M7504 1.63+0.75 1.53+0.19 1.82+0.11 0.68+0.03 22.6+1.06
M7531 0.8+0.29 2.12+£0.50 1.99+0.19 0.58 +0.04 17.3+1.05
M7551 1.67 £0.62 3.32+0.48 2.06+0.9 0.70+0.03 23.6+1.05

The method accuracy of the LIBS analysis is presented in Tables 4 and 5. The CHN analyzer and
LIBS data (Table 4) for sample M7504 show a good agreement in both C and H values. On the
other hand, the XRF and LIBS values for Al and Fe exhibit a relatively larger difference. It needs
to be pointed out that the XRF analysis was performed across the bedding planes on the surface of
the extracted core while the LIBS measurement was performed along the bedding planes on a core
fragment. The variations in XRF and LIBS values may be because of the exact location of the
analysis was different for both measurements and the shale is heterogeneous in nature (see Figures
3 and 7). Note that the Mg concentration in these samples was somehow not detected by the

handheld XRF in the employed experimental conditions. Therefore, the select samples were sent
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to Hamilton College Analytical Laboratory for analysis by a laboratory scale XRF spectrometer
(Thermo ARL Perform’X). The reported Mg concentrations for the M7498, M7504, and M7531
samples were 0.73, 0.72, and 0.57 wt% respectively, closely matching the LIBS measured values
in Table 3.

Table 4. Comparison between CHN Analysis and LIBS for the M7504 Marcellus shale sample (Wt. %).

Sample C H
M7504 CHN 933 051
LIBS 9.26 0.3

Table 5. Comparison between handheld XRF and LIBS concentrations for shale samples (Wt. % * 1 SD).
Note that the XRF data were collected across the shale bedding planes on the surface of the extracted
core while the LIBS data were collected along the bedding planes on a core fragment.

Sample Al Ca Fe Si

M7498 XRF 518+0.13 160+0.01 3.85+0.03 21.27+0.12
LIBS 0.71+£052 122+020 1.74+0.11 21.7+0.99

M7504 XRF 339+097 148+£0.01 275+0.02 221+0.11
LIBS 1.63+£0.75 153+0.19 182+0.11 22.6+1.06

M7531 XRF 216+0.11 084+0.01 321+0.03 1544+0.11
LIBS 0.8+0.29 212+050 199+0.19 17.3+1.05

M7551 XRF 213+0.09 321+0.02 355+0.03 21.72+0.12
LIBS 1.67+0.62 332+048 206+090 23.6+1.05

The higher concentration of C and H in shale samples could be correlated to higher organic
material and therefore a high gas production potential. However, understanding the type of
hydrocarbons associated with the shale samples requires a quantitative analysis. While the major
elements ratios can provide information about minerology of the shale, the H/C ratios can give an
indication of the type of hydrocarbons present in the sample. Since shale gas is primarily composed
of methane, the H/C ratios can potentially be used to predict the type of hydrocarbons and

impurities in the shale gas deposits. The concentration data presented in Table 2 and Figure 6 were
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converted to H/C ratios using the following equation: H/C ratio = (H%/1.00011)/(C%/12.011).
Table 6 portrays the average H/C values determined for each shale sample, the ratios vary between
0.76 and 1.05 for all the shale samples. If the C and H contents solely represent the organic
compounds, the H/C ratio can predict the nature of hydrocarbons and the quality of the gas in shale
deposits. In fact, shale deposits rich in natural gas are expected to show the H/C ratio greater than
1. It should be noted that LIBS analyzes the total hydrogen and total carbon contents in a sample
and doesn’t discriminate between the inorganic and organic compounds. While the presence of
carbonates or any other inorganic carbon compounds (e.g. CO2) can enhance the carbon
concentration the presence of moisture and hydroxyl groups can enhance the hydrogen
concentration. A comparison of the total organic carbon (TOC, analyzed by pyrolysis) to total
carbon (TC, analyzed by LIBS) are presented in Table 7. This data indicates a possible predictive
relation between the quantities, with higher TC correlating with higher TOC, while the TOC/TC
ratio indicates 30-40% of the TC is inorganic. More work is needed to see if this correlation holds
true for shales from different basins or even within the same basin. Nevertheless, a simultaneous
determination of the major elements as well as C and H by LIBS complements the existing
techniques used in the shale industry and can potentially provide useful information favorable to
oil and gas exploration. It will be worth mentioning here that LIBS has been used to estimate the
heating value of oil shale and coal based on correlations between C, H, and major rock forming
elements [49, 50].

Table 6. Average H/C ratio determined over the 8 x 8 mm area (n = 6,561 points) of each shale sample.

Sample H/C
M7498 0.85
M7504 0.76
M7531 0.84

M7551 1.05
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Table 7. Average total carbon (TC) from LIBS versus total organic carbon (TOC) from pyrolysis for Marcellus
shale core samples (Wt. %).

Sample TC TOC TOC/TC
M7498 7.13 4.78 0.67
M7504 9.26 5.92 0.64

This study shows the applicability of LIBS for shale research, and that the development of
a field deployable LIBS instrument can be useful for in situ analysis of shale without retrieving
the sample for laboratory analysis. Currently our laboratory is developing a fiber coupled, all
optical downhole LIBS sensor based on a passively Q-switched laser [34-36, 51, 52]. As mapping
techniques advance, the time required to measure large areas is dropping dramatically [8, 53]
potentially allowing mapping to be used for rapid online sample analysis. The ability of LIBS to
detect all elements (including C and H) and capability of downhole measurements could
potentially offer a distinct advantage over existing techniques used in shale gas exploration.
Conclusions:
Spectral mapping by LIBS offers a valuable tool for distribution analysis and elemental
composition of shale samples. The technique complements existing techniques used in the shale
gas exploration and provides reliable and accurate data with reasonable detection limits for most
of the elements including C and H. While the presence of C and H can provide a preliminary
indication of the natural gas rich areas the major element concentrations can be helpful in
determining the minerology of those areas. Shale gas is primarily composed of methane and H/C
ratios can potentially predict the type of hydrocarbons and impurities in shale gas deposits. This
study shows how the spatial elemental (including C and H) composition varies as a function of the
sample location and illustrates the benefits of LIBS over existing analytical techniques.
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