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Abstract: Monitoring carbon sequestration poses numerous challenges to the sensor community. For example,
the subsurface environment is notoriously harsh, with large potential mechanical, thermal, and chemical stresses,
making long-term stability and survival a challenge to any potential in situ monitoring method. Laser induced
breakdown spectroscopy (LIBS) has been demonstrated as a promising technology for chemical monitoring of
harsh environments and hard to reach places. LIBS has a real-time monitoring capability and can be used for the
elemental and isotopic analysis of solid, liquid, and gas samples. The flexibility of the probe design and the use
of fiber-optics has made LIBS particularly suited for remote measurements. The paper focuses on developing a
LIBS instrument for downhole high-pressure, high-temperature brine experiments, where CO2 leakage could
result in changes in the trace mineral composition of an aquifer. The progress in fabricating a compact, robust,
and simple LIBS sensor for widespread subsurface leak detection is presented.
Keywords: LIBS, C-Sequestration, Atomic spectroscopy, LIBS sensor, LIBS in drilling environments.

1. Introduction
Starting with the study of laser induced plasmas in
the 1970s, Laser Induced Breakdown Spectroscopy
(LIBS) has grown to become a productive
measurement technique with a wide range of methods
and applications being vigorously pursued around the
globe [1]. LIBS uses one or more laser pulses to ablate
and excite 1–1000 ng of sample mass into a plasma
[2]. The light from the plasma contains wavelengths
that are characteristic of the atomic emission from
elements inside the plasma. To generate the high
energies needed for plasma creation, lasers in LIBS
instrumentation often rely on laser pulses shorter than
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a few tens of ns. In this fashion, a few mJ, or even tens
of µJ energy, can create the high peak powers needed
to overcome the dielectric breakdown of the material
and produce the “spark” whereby the characteristic
atomic emission light is generated.
Much of the recent growth in the field has come
from the increasingly wide range of LIBS instruments
developed in different laboratories and commercial
entities [3]. In the commercial sector, these new
instruments range from bench-top units that can be
configured to operate in conjunction with laser
ablation mass spectrometers to handheld devices
configured for field use [4]. In like manner, there have
also been several custom-designed instruments that
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have taken LIBS into harsh environments, where
typical approaches would be impossible. For example,
the ChemCam installed on the Mars rover Curiosity
uses LIBS to obtain detailed information about the
elemental composition, geology, and geochemistry of
the Martian surface [5]. The LIBS instrument the
Chemi-Cam has also been used to probe the elemental
composition of the deep ocean hydrothermal vents at
1 km depth [6]. Another instrument has been
developed to analyze nuclear waste in underwater
storage facilities [7]. It is difficult to imagine a
conventional optical emission spectrometer that could
have been used onsite in any of these applications.
This paper describes development of a field
deployable LIBS instrument for downhole
measurement of CO2 leak in carbon sequestration; a
part of this study was presented in National Innovation
Summit & Showcase, Washington, DC and published
in TechConnect Briefs 2017 [8].

2. Background
By
developing
instruments
for
these
unconventional environments, routes to tailored LIBS
sensors for yet unexplored applications can emerge.
One of such applications is the monitoring of
geologic-sequestered CO2 [9]. Geologic-carbonsequestration (GCS) has the potential to store
thousands of Gt (gigaton) of CO2 in the United States
alone [10]. In GCS, the CO2 is prevented from entering
the atmosphere, where it has been shown to be a major
contributor to climate change. However, disposal of
such large volumes in the sub-surface has potential to
contaminate aquifers, so it will be important to verify
that nearby underground sources of drinking water
(USDW) are not be contaminated [11]. Several
conventional methods for monitoring have been
proposed, including pressure and temperature
monitoring, seismic monitoring, and sample
extraction for off-site analysis [12].
Given the array of potential failure of mechanisms
for GCS, no single monitoring method can be regarded
as sufficient to ensure containment alone. However,
LIBS has the potential to play a central role in
maximizing the confidence in detecting a CO2
containment failure while minimizing the cost of
implementing a monitoring system. One method of
applying LIBS to the monitoring of CO2 might be to
analyze the total carbon content at or near the surface
of the CO2 disposal site. From an instrumentation
perspective, this is the easiest way to monitor for
leakage, and LIBS has been used in our laboratory to
quantify changes in the carbon of air [13] and soil [14].
From a reliability perspective however, monitoring for
CO2 leakage at the surface is the most difficult. The
various geologic formations, including those that
comprise any caprock for storage, aquifers, and the
vadose zone above the water table, serve to lens any
potential CO2 leakage and spread it out over a larger
area [15, 16]. This constitutes a serious confounder for
point detection, as the area of the leakage site at the
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surface is likely to dilute the CO2 rise to that which
would be below the background fluctuations.
As an alternative, LIBS can be used to analyze
water from aquifers in or above the storage formation
[17]. This is non-obvious, as direct measurement of
carbon with LIBS, as has been done in air and soil is
not feasible in the storage formation. First, the
emission lines for carbon are located in the UV, where
water is highly absorbing. Second, carbon analysis is
difficult because the carbonate present in several
aquifers can buffer pH and carbon content changes
that might be induced by invasion of CO2 into the
aquifer, making direct measurement of carbon (or pH,
for that matter) an imperfect method for detecting
containment failure [18]. However, the buffering from
resident mineral carbonate will also release cations
such as calcium and potassium [19]. The cation release
from these minerals is an unambiguous indicator of a
pH change that might be the result of a containment
failure. In this regard, the use of LIBS would be little
different from a similar analysis using inductively
coupled plasma optical emission spectroscopy (ICPOES). In fact, the additional maturity and wide use of
ICP-OES would make it an excellent tool for this kind
of analysis.
What sets LIBS apart from ICP-OES and other
CO2 monitoring techniques is the potential to carry our
measurements in situ. Although several kinds of
sophisticated methods exist for extracting samples
from monitoring wells for off-site analysis, the sample
that is extracted nonetheless goes through several
temperature and pressure changes prior to digestion
and analysis in a benchtop spectrometer. These
changes have the potential to induce precipitation of
the very same cations being measured, thus
introducing uncertainty into the measurement by
means of the confounding precipitate. Having already
demonstrated the capacity for use in harsh and extreme
environments, LIBS has the potential to be deployed
inside the monitoring well, monitoring the cationic
composition of the aquifer at the temperature and
pressure at depth and removing the potential
confounders introduced by sample extraction.

3. LIBS in Downhole and Drilling
Environments
The behavior of LIBS in aqueous conditions has
been studied for the several decades now [20]. Most
studies, however, have not focused on the kind of
aqueous environment present in the subsurface. These
can be highly saline and pressurized to tens to
hundreds of atmospheres. These two variables
constitute very strong matrix effects, causing variation
in the pressure or salinity to change the LIBS spark
characteristics of a given trace element.
There has been limited interest in the application
of LIBS for in situ analysis in high-pressure aqueous
environments such as in deep ocean hydrothermal vent
fluids [21-25]. These studies have demonstrated LIBS
for analysis of bulk solutions at pressures up to
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300-400 bar, but several phenomena are not yet fully
understood. Most of these studies are performed in a
system pressurized with air, but not CO2. The highpressure CO2 environment simulates conditions in
CO2 geologic storage applications and to provide a
means of determining the feasibility for applying
LIBS in subsurface GCS applications and conditions.
To evaluate the direct effect of elevated CO2 on the
LIBS signal, spectra at ambient conditions and at
elevated CO2 pressures were examined and compared.
The plasma was formed in the presence of a pure
carbon dioxide atmosphere at the given gas pressures
(i.e., 10, 50, and 120 bar). The effect of pressure and
water solubility on the LIBS signal was studied in an
aqueous solution of 1000 mgL-1 calcium chloride
(CaCl2·2H2O), offering high signal-to-background
ratio for the Ca I 422.67 nm emission line. The
solution was prepared by dissolving CaCl2 salt in
ultrapure water.
Fig. 1 shows that the 422.67 nm Ca emission line
intensity is dramatically reduced under high pressure
CO2 [26]. A CO2 pressure of 10 bar produces a 37 %
reduction and at 120 bar, the emission intensity drops
by 70 %. These results are indicative of the direct
effect of the gas pressure on Ca emission intensity.

Fig. 1. Signal intensity of Ca I 422.67 nm emission lines as
a function of gate delay for both ambient pressure (open
circles) and at 10, 50, and 120 bar (light gray, dark gray, and
filled circles, respectively) [26].

As is characteristic of the rapid cooling of plasma
underwater, the Ca emission lines exhibit a short
lifetime under different atmospheres and pressure
conditions. The calcium neutral line exhibited
emission lifetime in the range of 120 - 300 ns. A large
difference between the intensity of the Ca lines
obtained in ambient pressure and in the presence of
CO2 is observed for gate delays less than 100 ns. As
the delay increases, the intensities decrease
continuously with almost constant exponential decay
as a function of pressure.
One factor that can contribute to the emission
profile is the reaction between water and CO2 to form

carbonic acid (H2O(l) + CO2(aq) ↔ H2CO3(aq)).
Dissolved CO2 in the form of carbonic acid may lose
up to two protons through the acid equilibria to form
bicarbonate and carbonate ions. These can react with
cations (Ca2+) in the aqueous solution to form a
calcium carbonate solution and may lead to enhanced
collisional excitation as a result.
The effect of elevated CO2 pressure was also
studied by measuring dissolution of CaCO3 at different
CO2 pressures [27]. Pellets of pure CaCO3 powder
were immersed into a solution of BaCl2. BaCl2 served
here as an internal standard. Spectra were recorded at
ambient, 50, 150, 250, and 350 bar of CO2 pressures
and behavior of Ca and Ba lines with the increase in
pressure was studied. Variation of FWHM of Ca I
422.67, Ca II 393.37, and Ba II 455.40 nm as a
function of CO2 pressure is presented in Fig. 2(a).
Width of Ca I 422.67 and Ba II 455.40 nm lines
increased with the pressure while that of the line Ca II
393.37 weakly depended on the pressure. Fig 2(b)
shows the SBR for the Ca lines as a function of
pressure. The SBRs slightly decreased as CO2 is
injected into the reactor and almost 30 % decrease was
noticed when pressure reached to 350 bar. When
intensity ratios of Ca lines with Ba line (Ca I/Ba II and
Ca II/Ba II) were plotted as a function of CO2 pressure,
no significant effect of pressure was observed as
shown in inset of Fig. 2 (b).
Likewise, the effects of high salinity on the LIBS
emission spectra have received limited attention. For
instance, Cremers, et al. [28] reported that the intensity
ratio between the Ca II 393.37 nm and Ca I 422.67 nm
lines decreases with the addition of sodium chloride
(NaCl) to a 100 mgL-1 Ca-water solution. Michel, et
al. [22] observed that the addition of 254 and 25400
mgL-1 NaCl to a solution of 1000 mgL-1 Ca (at
2.57×107 Pa) produced an increase in the emission
intensity of the Ca I 422.67 nm line, while no
significant increase was observed for the Ca II lines at
393.37 nm and 396.85 nm. Thornton, et al. [6]
compared the spectra of Li and Ca obtained with and
without 11,035 mgL-1 Na. They observed that Na
enhanced the signal intensity of the Li (670 nm) and
Ca (422.67 nm) lines. These studies are illustrative of
the NaCl matrix effect on the LIBS signal of Ca.
Although the effect of cation-based matrix effect
was studied, less so was the effect of anion based
matrix effect. This is relevant to CO2 storage because
the chemical composition of groundwater is
influenced by the minerals and gases reacting with the
water in its relatively slow passage through the rocks
and sediments of the Earth’s crust. The geological
formations at and around a storage site may include a
wide range of minerals and the composition of these
minerals may be affected when aqueous chemical
equilibria are modified by the leaking CO2. Water that
circulates
in
limestone
may
contain
bicarbonates/carbonates alkalinity. Chloride and
sulfate are also present in groundwater. Because
neither chloride nor sulfate takes part in typical
biological or chemical reactions, they tend to
concentrate in shallow groundwater over time.
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Fig. 3. The effect of 0.1, 1, and 10 % solutions of NaCl
(blue), Na2SO4 (red), and Na2CO3 (black) on the calibration
curves of Li+ (▲) and K+ () is shown. The y-axis displays
the measured intensity divided by the value given by the
calibration curve for that concentration [26].

Fig. 2. (a) Full width at half maximum (FWHM) of Ca I
422.67 nm, Ca II 393.37 nm, and Ba II 455.40 nm lines, and
(b) signal-to-background ratio (SBR) for Ca I 422.67 nm and
Ca II 393.37 nm lines as a function of CO2 pressure (pCO2).
The inset shows the comparison between the CaI/Ba II and
Ca II/Ba II intensity ratios [27].

A comparison of matrix effects indicates that in the
presence of dissolved sodium compounds the emission
line intensities vary in the following order: NaCl >
Na2SO4 > Na2CO3. For instance, when compared to
the pure solution, the intensity of Li emission line
obtained in LiCl + 1000 ppm NaCl and LiCl +
1000 ppm Na2SO4 samples ([Li+] = 1.6 ppm)
increases by 2- and 1.5-fold, whereas the line intensity
decreases by half using LiCl + 1000 ppm Na2CO3
sample. This behavior seems to be related to the
difference of thermal properties between aqueous
NaCl, Na2SO4 and Na2CO3, such as boiling point
(NaCl, 1690 K; Na2SO4, 1700 K; Na2CO3, 1870 K)
and thermal conductivity (NaCl, 6.5 W·m−1 K−1;
Na2SO4, 1.0 W·m−1 K−1; Na2CO3, 0.6 W·m−1 K−1 at
300 K). Fig. 3 also shows that underwater LIBS signal
is detectable in high salinity water (i.e. for a sodium
salt concentration up to 105 ppm), thereby
demonstrating the feasibility of using LIBS for saline
groundwater monitoring.

4. LIBS Sensor Instrumentation
To examine the matrix effect of sodium salts of
chloride, sulfate, and carbonate on the LIBS
measurement of Li and K, we prepared solutions by
mixing LiCl and KCl salts with NaCl, Na2CO3, and
Na2SO4 [29]. Three sets of samples containing 103,
104, and 105 ppm of NaCl, Na2CO3, and Na2SO4 were
prepared. By dividing the resulting LIBS signal by the
expectation value from the calibration curve for that
concentration, a normalized matrix effect can be
estimated. This normalized matrix effect for Li+ and
K+ is plotted in Fig. 3 for the three mentioned salts. As
evidence of matrix effect, a clear dependence of
sample matrix can be seen on the Li I and K I emission
line intensities. For NaCl, an increase in the intensity
of the emission lines is observed with the addition of
0.1 – 1 % NaCl. For Na2CO3, there is a reduction in
the emission line intensities across all concentrations.
However, for Na2SO4, there is a little change
compared to the control solution, even at 10 % salt
concentration. Generally, the normalized matrix effect
shows a slight decrease in the signal as a function of
trace metal concentration.
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In order to apply LIBS in downhole and drilling
environments, modification in LIBS configuration
may be required accordingly. Often, for example, the
spectrometer is placed near or adjacent to the pulsed
laser. Many successful variations on this arrangement
have been reported in the literature in well controlled
laboratory settings. However, in a downhole
application, this arrangement would require that much
of the most expensive and sensitive components be
placed in an inaccessible and dangerous environment.
For some optical applications, the beam path can be
fiber-coupled, which allows all the equipment to
remain at the surface, as is done in distributed acoustic
sensing. Unfortunately, the peak laser pulse energies
required to generate LIBS sparks in aqueous
environments are much higher than the thresholds of
conventional optical fibers. By separating the
measurement head from the spectrometer, we are
allowed to keep the more expensive equipment at the
surface, reducing the engineering burden and cost of
deployment. The measurement head also needs to be
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fabricated in such a way it is (1) small, (2) robust and
(3) low cost. This would allow the least expensive
components to be placed in the most dangerous
environment, again minimizing the engineering
burden and cost of deployment.
Another important consideration is the type and
configuration of pulsed laser that would be used. Many
of the laboratory studies carried out on aqueous LIBS
have amply demonstrated the benefits of the doublepulse LIBS (DP-LIBS) [25]. In this configuration, the
first laser pulse is used to initiate the formation of a
bubble or cavity. The second pulse is the one from
which the LIBS light is collected. This has been shown
to produce a higher quality signal than the
conventional single-pulse LIBS. As desirable as this
may be, there is substantial cost and complexity to the
use of a DP-LIBS approach for downhole applications,
most of which would hinge around the difficulty of
timing the second pulse. To properly and precisely
trigger the second laser pulse at the appointed time, an
active Q-switch laser would be necessary, which
would add substantial difficulty to the measurement.
Accommodating the equipment necessary for active
Q-switch lasers – Pockels cell, waveplate, output
coupler, high reflector, polarizer, gain medium, and
pump source – in the well bore is possible, but not
without substantial cost and complexity. Furthermore,
as useful as this may be, we have demonstrated
successful use of single-pulse LIBS in synthetic brines
at temperature.
Instead of the common active Q-switch laser, we
have proposed the use of a passive Q-switch laser that
is fiber coupled to an end-pump and spectrometer, as
depicted in Fig. 4 [26]. The passive Q-switch allows
the laser to be driven only by a pump laser at the
surface that is fiber-coupled to the end-pumped laser
rod downhole. Once the laser fires and spark is
generated, the light from the spark can be directed
around the laser rod and back into the optical fiber. By
use of a pulse detector, the LIBS spectrometer can be
triggered to capture the spectrum at a specific gate
delay. Once the spectrum is recorded, it can be
transmitted in digital format over to a computer that
handles the power, data storage, processing, and
control of the instrument. This allows all the electronic
circuitry to remain at the surface, where the risks (and
detector array temperature) can be more easily
controlled, while allowing the LIBS measurement to
be taken at depth.
Our first prototype is shown below in Fig. 5. It
consists of a passive Q-switch laser rod that is affixed
inside of a housing. The housing is constructed from
components purchased from Thorlabs and modified
with light machining and customization.
The housing contains a fiber coupler, pump laser
focusing lens, and pulsed laser focusing lens. The
entire assembly is only 6.2 cm in length, 1.3 cm in
width, and 32 g in weight. At economies of scale, the
device cost would be a small fraction of the rest of the
equipment necessary to carry out a LIBS
measurement. This initial design can be modified to
accommodate the requirements of a downhole LIBS

system, but it is also suitable for other applications
with tight mass and volume requirements.

Fig. 4. A schematic for operation of a downhole LIBS
monitoring system with a control unit above ground. The
control unit has the pump laser, spectrometer, and timing
circuitry to operate the pulsed laser and measure the LIBS
signal. The downhole laser module is equipped with a
separate beam path that allows the LIBS light to be coupled
back into the optical fiber connected to the control unit.

Fig. 5. On the top, a model of the passive Q-switch laser
and, on the bottom, the finished prototype [26].

5. Conclusions
The work presented here outlines how LIBS can be
adapted to the unique challenges of downhole
environments. Besides using in carbon sequestration,
LIBS sensor has other multiple potential applications.
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It can be used for in-situ measurements of elemental,
molecular, and physical measurements of any matter
irrespective of its physical state and environmental
condition [30-32]. It could be a robust alternative
technique for oil and gas industries to make downhole
measurements of liquids, gases, and rocks including
Marcellus Shale [33]. The gas capacity can be
correlated with the organic and inorganic content of
the shale. Furthermore, all the elements present in any
source, including minerals and rare earth elements
(REEs) in hydrothermal vents at elevated pressure can
be detected with LIBS sensor [34-36]. As the
technologies develop, LIBS may well be acquire the
ability to deploy additional capabilities beyond
elemental concentration monitoring in harsh
environments, such as Raman spectroscopy [37] and
Laser Ablation Molecular Isotopic Mass Spectrometry
(LAMIS) [38], which would allow for a wider range
of measurements to be carried out by a robust, remote
LIBS probe. The continued development of LIBS for
these applications has the potential to migrate LIBS
from the laboratory to the field site and crucial
measurements and services along the way.
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