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ABSTRACT

The origin of natural gas accumulations in thermally mature basins is poorly understood.
Unraveling complex contributions from hydrocarbon cracking, mixing, redox alteration, and
deeper sources requires analysis of gases trapped during specific periods of basin history.
Fluid inclusions can provide such samples, but their unambiguous characterization is chal-
lenging. Here we show that three-dimensional (3-D) multimodal nonlinear optical microscopy
of geologic materials allows mapping and molecular identification of trapped methane and
water using coherent anti-Stokes Raman scattering, imaging of crystallographic features
using second harmonic generation, and identification of higher hydrocarbons using two-
photon excited fluorescence. Spatially resolved, molecule-specific characterization of fluid
inclusions will improve models of natural gas generation, migration, and accumulation. We
believe that these broadly applicable methods will potentially transform the characterization

of geological materials.

INTRODUCTION

In deeply buried, thermally mature sedimen-
tary basins, the geochemical processes that
create accumulations of natural gas, including
shale gas, are not well understood. Conven-
tional models are based on late-stage cracking
of kerogen and oil (Dieckmann et al., 2006; Hill
et al., 2003), and laboratory simulations of these
processes produce gases with stable isotopic
compositions similar to gases associated with
oil and condensate production. However, the
isotopic compositions of nonassociated gases
in thermally mature (vitrinite reflectance >2%)
basins such as the Appalachian and Songliao
Basins are reversed from normal patterns (Bur-
russ and Laughrey, 2010; Dai et al., 2004), con-
tradicting both the laboratory simulations and
the predictions of ab initio models of isotopic
fractionation (Tang et al., 2000). Isotopic rever-
sals have been attributed to abiogenic, Fischer-
Tropsch—type synthesis (Dai et al., 2004; Sher-
wood Lollar et al., 2002), raising the possibility
of gas migration from deeper crustal or even
upper mantle environments. Reversals can also
be modeled by a combination of Rayleigh-type
fractionation driven by oxidation-reduction reac-
tions, mixing of gases associated with oil and
condensate, and addition of methane from a
deeper, higher-temperature source (Burruss and
Laughrey, 2010). Determining the relative con-
tributions of these processes to naturally occur-
ring accumulations of gas will help resolve the
current conflicts between nature and laboratory
simulations, leading to more realistic models of
the abundance and distribution of gas resources
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in deep basins. This requires analysis of gas
samples directly tied to specific stages of the
geologic history of thermally mature basins.
Methane-rich hydrocarbon and aqueous fluid
inclusions can provide such samples because
they form in fracture-filling and diagenetic min-
erals during the extended history of gas gen-
eration, migration, and accumulation (Becker et
al., 2010; Mullis et al., 1994; Parris et al., 2003).
Unfortunately, inclusions frequently occur in
complex, intersecting healed microfractures,
often obscuring the less common primary inclu-
sions (Parris et al., 2003), and making it diffi-
cult to determine the sequence of evolving tem-
perature, pressure, and gas composition. Here
we apply molecule-specific multimodal three-
dimensional (3-D) nonlinear microscopy to pro-
vide chemically and spatially resolved imaging
of assemblages of methane-rich fluid inclusions
and associated crystallographic features, as well
as in situ detection of higher hydrocarbons.
These observations advance our ability to track
gas generation and migration processes within
deep basins.

METHODS AND SAMPLES

Our approach to molecule-specific 3-D imag-
ing is based on a multimodal, nonlinear optical
microscopy that includes coherent anti-Stokes
Raman scattering (CARS), a nonlinear optical
interaction sensitive to Raman vibrational reso-
nances. CARS microscopy is a rapidly develop-
ing tool in biomedical science, predominantly
applied to imaging lipid-rich structures via the
C-H stretching vibration (Evans and Xie, 2008).
Here we show that molecular imaging based
on, for example, the C-H stretch applies equally
to hydrocarbon gases such as CH, within fluid

inclusions. Although CARS signals from low-
density gases are generally weak, the density of
CH, in inclusions can be high, on the order of
300 kg/m?, yielding strong resonant CARS sig-
nals. Similar arguments apply to other trapped
species such as HO, CO,, and N,.

In geosciences, CARS microscopy has sig-
nificant advantages over spontaneous Raman
scattering confocal microscopy. Our optimally
chirped pulse implementation of CARS micros-
copy (Pegoraro et al., 2009) (described in the
GSA Data Repository') is based on femtosec-
ond laser sources that generate additional sig-
nals such as two-photon excitation fluorescence
(TPEF) and second harmonic generation (SHG)
concurrent with the CARS image. Together,
these modalities reveal in detail the distribu-
tion of hydrocarbons in gas-rich inclusions. The
CARS signal is coherent, orders of magnitude
more intense than spontaneous Raman scatter-
ing, and spectrally distinct from fluorescence,
allowing separation of the C-H stretch spectrum
of methane and higher hydrocarbons from the
normally overwhelming autofluorescence back-
ground when petroleum liquids are present.
Equally important, SHG reveals healed micro-
fractures and other discontinuities in the quartz
crystal lattice, as well as the 3-D distribution of
fluid inclusions, providing new information on
the history of trapping of inclusions. The inten-
sity of each of these nonlinear signals permits
short (2-8 us) pixel dwell times, allowing rapid
imaging of large 3-D fields of view (here 350
% 350 x 78 um) within a few minutes. In scan-
ning mode, CARS spectra are recorded from
individual voxels within a user-defined region
of interest (ROI), as shown in several figures.
Spectra are displayed as averages of all voxels
in the ROL

We studied CH,-rich fluid inclusions in sam-
ples from diagenetic, metamorphic, and igne-
ous environments. The samples, described in
Table DRI (in the Data Repository), were cho-
sen for proof-of-concept imaging of methane in
a deep sedimentary basin and to demonstrate the
potential for analysis of CH,-rich fluids in deeper

!GSA Data Repository item 2012310, Videos DR1-
DR4, Table DR1, CARS methodology and image pro-
cessing, and Figures DR1-DR3, is available online at
www.geosociety.org/pubs/ft2012.htm, or on request
from editing@geosociety.org or Documents Secre-
tary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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crustal environments. Images were recorded
using a modified inverted laser scanning confo-
cal microscope (Olympus FV-300, x40 water
immersion objective). In our single-laser imple-
mentation, a femtosecond Ti:sapphire laser was
used as both the pump beam and the source for
subsequent Stokes beam generation in a photonic
crystal fiber. For a pump wavelength of 800 nm,
the CARS frequency is continuously and rapidly
tuneable from 2100 to 4500 cm™ (Pegoraro et
al., 2009). CARS, SHG, and TPEF signals from
the same focal volume were simultaneously col-
lected using three separate photodetectors.

The CARS frequency range in the pres-
ent study is narrower than the range recorded
by conventional dispersive Raman spectrom-
eters used in the geosciences, typically 200—
4500 cm™'. This range is not an intrinsic limita-
tion. For example, we have imaged phosphate
at 952 cm™ and CO, at 1284 and 1388 cm™, sim-
ply by tuning the wavelength of the Ti:sapphire
pump laser. (For discussion of differences in
peak shape, peak position, and quantitation
between CARS spectroscopy and conventional
spontaneous Raman spectroscopy, see the Data
Repository.)

3-D IMAGES AND SPECTRA

Imaging CH,-rich inclusions in quartz from
fracture-filling cements from the deep Appa-
lachian Basin demonstrates the efficacy of our
approach. In sample 1, a conventional bright-
field transmitted-light image of CH,-rich
inclusions (Fig. 1A) shows a small number of
inclusions in a single plane of focus, whereas
the CARS image tuned to the v, band of CH,
(Fig. 1B) shows all CH,-rich inclusions within
a 350 x 350 x 78 pym scanning volume. A 3-D
rendering (Video DR1) of the CARS image
reveals the spatial distribution of the CH -rich
inclusions within the field of view. Multimodal
images of the largest inclusion (labeled i in
Figs. 1A and 1B) are shown in Figures 1C-1F.
Combined with the CARS spectrum (Fig. 1G),
these images demonstrate the new information
obtainable from multimodal CARS micros-
copy. The SHG response outlines the edge of
the inclusion (Stoller et al., 2007) (Fig. 1C),
the TPEF image shows the distribution of trace
amounts of higher hydrocarbons on the inclu-
sion wall (Fig. 1D), and the CARS signal con-
firms the presence of methane (Fig. 1E). The
image of the combined signals (Fig. 1F) is
highlighted with regions of interest from which
CARS spectra (Fig. 1G) of the fluid and non-
resonant background were recorded. The slight
shift in CARS peak position (2905 cm™) from
the known Raman peak position for dense CH,
at 2914 + 3 cm™ (Lu et al., 2007) is due to par-
tial interference of nonresonant background and
the resonant CARS signal (discussed in the Data
Repository). The discovery of fluorescence indi-
cates the presence of higher-molecular-weight
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Figure 1. Multimodal images and coherent anti-Stokes Raman scattering (CARS) spectra of
inclusions in sample 1. A: Bright-field, transmitted-light image of CH-rich fluid inclusions in
quartz. Image is one plane of focus in conoscopic illumination. B: CARS image of CH,-rich
fluid inclusions in quartz. Image is flattened z-stack of all planes of focus showing all inclu-
sions detected within 78-pm-thick field of view outlined in A. Three-dimensional rendering of
B is shown in rotation in Video DR1 (see footnote 1). C-E: Single plane of focus in second
harmonic generation, two-photon excitation fluorescence, and CARS detector channels, re-
spectively, from the largest inclusion (labeled i in A and B). F: All three channels overlaid
with regions of interest (ROI: 1, 2) from which spectra for inclusion and non-resonant back-
ground in quartz host were recorded. G: Display of spectra from ROl in F.

aromatic hydrocarbons within these gas-rich
inclusions and opens new avenues of research
on the origin of these compounds.

In another field of view within sample 1,
small inclusions appear as an array that dips
steeply into the plane of the section. Combined
CARS and SHG images reveal that this set of
inclusions is clearly associated with a healed
microfracture imaged by the SHG response to
the crystallographic lattice mismatch (Rios et
al., 2001) across the microfracture (Fig. 2). Such
microfractures are part of the structural fabric
of the rock and reflect the history of deforma-
tion and associated fluid flow. Rotation of the
multimodal 3-D image (Video DR2) provides
unprecedented visualization of the associa-
tion of inclusions with a distinct generation of
microfracture.

Sample 2 contains both CH,- and H,O-rich
inclusions (Fig. 3) that were trapped within quartz
during burial deeper within the Appalachian

Figure 2. First frame of three-dimensional (3-
D) animation (Video DR2 [see footnote 1]) of
CH,-rich inclusions (imaged by coherent anti-
Stokes Raman scattering; red) along or adja-
cent to healed microfracture (imaged by sec-
ond harmonic generation; green). Images of
crystallographic discontinuities in 3-D provide
unprecedented ability to define relationship of
fluid inclusions to individual microfractures.
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Figure 3. A: Bright-field transmitted light im-
age of collapsed z-stack of field of view with
one-phase CH,-rich inclusions and two-phase
water-methane inclusions. B: Coherent anti-
Stokes Raman scattering (CARS) image of
A. Methane is red and water is green. In this
field of view we can identify CH,-rich inclu-
sions (incl 2) and methane in vapor bubble of
two-phase aqueous inclusions (incl 3). Small
volume of water visible in A in tip of inclusion
2 produced weak CARS signal that was lost
during signal processing. Three-dimensional
rendering of B is shown in rotation in Video
DR3 (see footnote 1), and CARS spectra of
inclusion 2 and aqueous phase of inclusion
3 are shown in Figure DR1.

Basin than those of sample 1. The CARS image
created by the vibrational contrast from methane
at 2905 cm™ and water at 3230 cm™' (Fig. DR1)
demonstrates the identification of chemically dis-
tinct phases within individual inclusions. The 3-D
visualization (Video DR3) shows a close spatial
association of single-phase CH,-rich inclusions
with two-phase aqueous inclusions containing
a CH_-rich vapor bubble. The ability to broadly
identify CH,-rich vapor bubbles in aqueous
inclusions is an important advance in the charac-
terization of inclusion-bearing samples, allowing
us to clearly distinguish different assemblages of
aqueous inclusions based on the gas content of
the vapor bubble.

Identifying the location and type of hydrocar-
bons in deep crustal environments is challeng-
ing. To test the ability of our technique to do so,
we examined two samples (Figs. DR2 and DR3)
from high-temperature metamorphic (sample 3)
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and igneous (sample 4) environments that are
known to contain CH -rich inclusions (Burruss,
1977; Vanko and Stakes, 1991). In addition to
the CH, CARS response, we spectroscopically
identified N, (Fig. DR2) within CH,-rich inclu-
sions in sample 3. We observed fluorescence
signals (TPEF) from CH_ rich inclusions in
both samples (Figs. DR2 and DR3), indicating
the presence of aromatic hydrocarbons. Fluores-
cence is not detectable within these inclusions
using conventional wide-field fluorescence
microscopy (Burruss, 2003a). Although trace
quantities of solvent-extractable high-molec-
ular-weight hydrocarbons from igneous and
metamorphic rocks were reported (Price and
DeWitt, 2001), their significance and origin
remain controversial. Our nondestructive con-
firmation of higher hydrocarbons inside fluid
inclusions within high-temperature rocks will
permit screening of inclusion-bearing grains for
analysis by ultralow background crush-leach
and gas chromatography—mass spectrometry
methods (George et al., 1997). This will allow
detailed characterization of hydrocarbons that
are unambiguously indigenous to high-temper-
ature rock samples.

In conventional models of natural gas forma-
tion, the time of late-stage cracking and the tran-
sition from gas plus liquids to nonassociated gas
during basin evolution is not well constrained.
Fluid inclusion measurements combined with
thermochronology identify short intervals of
gas generation (Parris et al., 2003), helping
to determine the transition from hydrocarbon
liquids plus gas to gas during basin evolution.
Unfortunately, composition and density analy-
sis of gas-liquid hydrocarbon inclusions using
conventional confocal Raman spectroscopy is,
in practice, unfeasible (Burruss, 2003b) because
fluorescence emission from higher hydrocar-
bons within the liquid overwhelms any sponta-
neous Raman scattering (McCreery, 2000) from
the liquid or the gas phase. CARS microscopy
overcomes this limitation in two ways. First, the
signal from the nonlinear CARS process is sev-
eral orders of magnitude more intense than that
of spontaneous Raman scattering, and second,
the CARS response is a coherent forward-prop-
agating signal (Evans and Xie, 2008), facilitat-
ing its separation from the isotropic fluores-
cence emission.

We successfully imaged two-phase gas-liquid
hydrocarbon inclusions in calcite with TPEF
and CARS (sample 5, Fig. 4). Despite a strong
TPEF signal (Fig. 4A), the CARS signal is dis-
tinctly separated from the fluorescence, allow-
ing spectroscopy of C-H stretching bands from
CH, and higher hydrocarbons in both the vapor
and liquid phases (Fig. 4B). This is a major
advance in the analysis of gases in crude oil
and condensate inclusions because the position
of the CH, v, peak is pressure sensitive (Lu et
al., 2007). CARS microspectroscopy will allow
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Figure 4. A: Multimodal image of fluorescent
crude oil fluid inclusions in calcite (sample
5). Large inclusions have dark and relatively
nonfluorescent vapor bubbles. B: Coherent
anti-Stokes Raman scattering (CARS) spec-
tra (at 2850 cm™') of inclusions in A. Regions
of interest (ROI) labeled 1 and 2 are crude oil
liquid and vapor bubble, respectively, with
spectra displayed. Spectrum of liquid (ROI
1, black trace) shows peak for CH, dissolved
in liquid with larger peak for C-H stretch-
ing of liquid hydrocarbons. Red trace (ROI
2) shows strong peak for methane above
broader band for C-H stretch of higher hy-
drocarbons in vapor. Spectrum of pure oc-
tadecene is shown in blue for comparison.

estimation of methane mole fractions and inter-
nal pressures within gas and liquid hydrocarbon
inclusions, information that is required by pres-
sure-temperature-volume models (Thiéry et al.,
2002) for estimating temperatures and pressures
in the deep basins during hydrocarbon liquid to
gas cracking.

CONCLUSIONS

Our results clearly demonstrate that multi-
modal nonlinear optical microscopy with simul-
taneous CARS, SHG, and TPEF imaging and
spectroscopy provides major advances in iden-
tification and characterization of assemblages
of methane-rich fluid inclusions. The unique
ability of SHG to simultaneously generate 3-D
images of inclusion volumes, microfractures,
grain boundaries, and other crystallographic
discontinuities provides unprecedented charac-
terization of the trapping history of fluids within
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inclusions. These advances, coupled with iden-
tification of methane-rich inclusions containing
traces of higher hydrocarbons in metamorphic
and igneous rocks, present new approaches to
identifying distinct generations of CH,-rich
gases, including deep crustal gases, that may
create natural gas resources.

Nonlinear optical imaging and spectroscopy
of fluid inclusions is likely to be only one of
many applications in the geosciences. Nonlin-
ear optical techniques are sensitive to interfacial
processes of environmental and biogeochemical
importance (Geiger, 2009), including biofilms
(Hu et al., 2005). SHG was discovered in quartz
(Franken et al., 1961) and applied to clay miner-
als (Newnham et al., 1977); this suggests a broad
range of possible mineralogical applications.
The technology of multimodal CARS imag-
ing and spectroscopy is evolving rapidly, with
improvements in imaging speed, spectral range,
spectral resolution, and quantitation. We believe
that multimodal nonlinear optical microscopy
has the potential to revolutionize our ability to
image and analyze geological samples.
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