
 
 
 

Raman spectroscopy of biosignatures in 
methane-related microbialites 
 
 
  
 

77: 113-122, 7 figs.       2014

Tim Leefmann1,2 *; Martin Blumenberg3; Burkhard C. Schmidt4 

  &  Volker Thiel2 * 

 
1Department of Earth and Planetary Sciences, Macquarie University, Sydney, NSW 2109, Australia; 
Email: tim.leefmann@mq.edu.au 
2Department of Geobiology, Geoscience Centre, Georg-August University Göttingen, Goldschmidtstr. 3, 
37077 Göttingen, Germany; Email: Volker.Thiel@geo.uni-goettingen.de 
3Federal Institute for Geosciences and Natural Resources (BGR), Stilleweg 2, 30655 Hannover, Germany; 
Email: Martin.Blumenberg@bgr.de 
4Department of Experimental and Applied Mineralogy, Geoscience Centre, Georg-August University Göttingen, Gold-
schmidtstr. 1, 37077 Göttingen, Germany 
 

* corresponding authors 
  
 

A major challenge in geobiological studies is the localization of organic compounds in a mineral matrix. Raman spec-
troscopy is here potentially powerful as it can be employed directly on rock surfaces and is capable of the characteriza-
tion of organic and inorganic compounds in one analyzing step. In this study we tested Raman spectroscopy to ap-
proach the organic matter information locked in the complex mineral phase association of methane-related carbonate 
chemoherms of different age (Hydrate Ridge, Lincoln Creek, Münder Formation, Black Sea). Our data show that Ra-
man spectroscopy allows detecting differences in the amount of organic material in geobiological samples on a mi-
crometer scale. Particularly for the microbialites from Hydrate Ridge and the Lincoln Creek Formation, these studies 
were able to distinguish on a mm-scale fossilized biofilms of methanotrophic consortia from precipitates that were not 
directly mediated by microorganisms. However, Raman spectroscopy did not allow for a compound-class specific char-
acterization of the organic material within the microbialite samples. A laser excitation wavelength of 244 nm was de-
termined as most promising for the analysis of organic matter contents of carbonates, as it largely avoids autofluores-
cence. Comparisons with published extract-based studies (GC-MS) of the same samples demonstrate that the different 
techniques cannot replace each other, but should rather be used in conjunction in geobiological studies. 
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Introduction

In studies of microbially controlled systems such as bio-
films, stromatolites and other microbialites on small 
scales, the exact localization of organic compounds repre-
sents a major analytical challenge. Because of the con-
sumption of relatively high sample amounts (typically 
>1000 mg), extraction-based biomarker techniques pro-
vide bulk information, and their spatial resolution usually 
stands isolated from the microscopic and inorganic tech-

niques that operate at the microscopic level (e.g., 
SEM/EDX, EMS, LA-ICP-MS). In geobiological studies 
this problem makes it difficult to associate distinctive 
mineral precipitates with the former presence of particular 
microbes and by implication, biogeochemical pathways. 
Likewise it is difficult to estimate as to what extent organ-
ic substances retain their once existing spatial association 
with an inorganic mineral phase during diagenesis. Ap-
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proaching higher spatial resolution in the analysis of or-
ganic biomarkers in inhomogeneous samples is therefore a 
highly desirable goal and several recent biomarker studies 
aimed in that direction. These studies encompassed, for 
instance, the phase specific fatty acid analysis of fossil car-
bonate concretions using conventional gas chromatog-
raphy-mass spectrometry (Pearson et al. 2005; Leefmann 
et al. 2008; Hagemann et al. 2013), microanalysis of organ-
ic fossils using laser pyrolysis-GC-MS (La-Py-GC-MS; 
Greenwood et al. 1998), and mapping of organic com-
pounds using Time-of-Flight Secondary Ion Mass Spec-
trometry (ToF-SIMS, Toporski et al. 2002; Thiel et al. 
2007).  

Here we employed Raman spectroscopy to approach 
the organic matter information locked in complex mineral 
phase association of methane-related carbonate chemo-
herms. Methane–derived carbonate formation is particu-
larly pronounced at cold seeps, areas on the ocean floor 
where methane-rich fluids or gas escapes from the sedi-
ment into the water column. It is commonly accepted that 
carbonate precipitation is due to the microbial anaerobic 
oxidation of upward migrating methane by downward mi-
grating sulfate coming from the sea water (AOM; Iversen 
& Jörgensen 1985; Reeburgh 1976; Barnes & Goldberg 
1976). The exact mechanisms of AOM have not been fi-
nally clarified, but probably involve the oxidation of me-
thane (CH4) to carbon dioxide (CO2) by methanotrophic 
archaea via reverse methanogenesis (Gal'chenko 2004) 
and sulfate-reduction to hydrogen sulphide (HS-) by sul-
fate reducing bacteria (SRB) according to the sum reaction 
 

OHHSHCOSOCH 23
2
44  

 
(Valentine & Reeburgh 2000) 

 

Since the mid 1980s active cold seeps have been discov-
ered at various ocean margin settings (Suess et al. 1985; 
Polikarpov et al. 1992; Greinert et al. 2002; Werne et al. 
2004). Beside the recent cold seeps, fossil counterparts of 
Cenozoic, Mesozoic and even Palaeozoic age have been 
found (Campbell et al. 2002; Peckmann & Thiel 2004; 
Birgel et al. 2008). At recent cold seep sites diverse types 
of carbonates occur (Greinert et al. 2001), but the most 
common chemoherm carbonates are aragonites and low 
Mg-calcites (Peckmann et al. 2001; Reitner et al. 2005; 
Teichert et al. 2005). Whether aragonite or low Mg-calcite 
is precipitated, is not yet understood but assumed to de-
pend on sulfate and phosphate concentrations, carbonate 
supersaturation and the viscosity of the growth medium 
(Peckmann et al. 2001). 

Our study aimed to test the utility of Raman spectros-
copy for directly probing the distribution of organic mat-
ter in a number of methane-related carbonates, and to es-
tablish a linkage between the past activity of microorgan-
isms and the precipitation of distinctive mineral phases at 
cold seeps. Modern micro-Raman systems comprise one 
or more lasers which are focused through a microscope 
on the sample. Such micro-Raman systems are capable of 
analyzing the organic and inorganic features of samples 

with lateral resolutions at the micrometer scale. Moreover, 
by the introduction of confocal microscopy the spatial 
resolution along the optical axis has been additionally im-
proved. However, the occurrence of high intensity fluo-
rescence is the major problem in Raman spectroscopy, 
especially when applying this technique to biological sam-
ples containing fluorophores. As the Raman signal is usu-
ally comparatively low in intensity, the occurrence of fluo-
rescence complicates the identification of individual Ra-
man-active vibrational modes by masking the correspond-
ing Raman bands. However, recent advances in technolo-
gy have addressed this problem. Fluorescence effects may 
be decreased or avoided by using the Resonance Raman 
Effect (RRE; e.g., Kiefer 1995), Surface-Enhanced Raman 
Scattering (SERS; e.g., Kneipp et al. 1999), or deep ultra 
violet (UV) Raman spectroscopy (e.g., Frosch et al. 2007; 
Tarcea et al. 2007). 

In this study we used deep UV-Raman spectroscopy, 
which allows to completely avoid interference of Raman 
and fluorescence signals, because the latter do not occur at 
excitation wavelengths below 250 nm. Furthermore, as 
many inorganic and organic materials have absorption 
bands in the deep UV-region, a laser excitation wave-
length <250 nm will likely result in the resonance en-
hancement of certain Raman bands (e.g., Tarcea et al. 
2007). 

Using the deep UV-laser the small-scale distribution of 
organic matter within different mineral phases of me-
thane-derived microbialites was analyzed for (1) Hydrate 
Ridge (Pleistocene, off Oregon, USA), (2) Lincoln Creek 
Formation (Oligocene, Washington State, USA), (3) Mün-
der Formation (Late Jurassic, NW-Germany), and (4) 
modern methane seep associated microbial mats from the 
Black Sea. Published data obtained by our group from 
similar samples using coupled gas chromatography-mass 
spectrometry (GC-MS), were used as a reference and for 
comparing the analytical capabilities of both techniques 
(Leefmann et al. 2008; Hagemann et al. 2013). 
 
 

Material and methods 

Samples 

– Hydrate Ridge, SE-Knoll chemoherm, NW-Pacific Ocean – 

Hydrate Ridge is located 90 km offshore central Oregon, 
USA. The ridge, extending 25 km in N–S and 15 km in 
E–W direction, is morphologically divided into a northern 
and a southern summit. The up to 90 m high SE-Knoll 
chemoherm is located about 15 km SE from the southern 
summit of Hydrate Ridge. The samples were taken from a 
carbonate block collected during cruise SO165/2 of re-
search vessel ‘Sonne’ in August 2002. The block was gath-
ered directly from the top of the SE-Knoll chemoherm 
using a television grab (TVG; Station 230-1, TVG-13, 
44:27.0440°N, 125:01.8000°W, 615 m water depth). 
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Fig. 1: Mineral phases and microbial mat types analyzed by Raman spectroscopy. (a) Hydrate Ridge sample with arrows marking (1) whitish aragonite, (2) lucent 
aragonite, and (3) gray micrite; (b) Lincoln Creek Formation sample with arrows marking (1) yellow aragonite, and (2) equant calcite spar; (c) initial clast of Münder For-
mation sample; (d) Münder Formation sample with arrows marking (1) growth phase 1, and (2) growth phase 2; (e) black microbial mat type of Black Sea samples; (f) 
pink microbial mat type of Black Sea samples. 

 

 
From this block a core of 50 mm in diameter was drilled, 
which was later cut lengthwise resulting in two transverse 
sections. From one of these sections, the analyzed sam-
ples were taken. 

The drill core section contains three closely interfin-
gered, major carbonate types. These carbonate types (first 
described by Teichert et al. 2005) consist of a macroscopi-
cally opaque, cryptocrystalline variety of aragonite ranging 
in color from white to pinkish and brownish (whitish arago-
nite), a translucent, botryoidal aragonite consisting of fi-
brous, acicular crystals (lucent aragonite), and a gray, micro-
crystalline carbonate with varying content of Mg-calcite 
and various components, namely shell fragments, pellets 
containing pyrite, peloids and detrital quartz, and feldspar 
grains (gray micrite; Fig. 1a) 
 

– Lincoln Creek Formation, USA – 

Within the Oligocene Lincoln Creek Formation, which is 
exposed within river valleys of the south-eastern Olympic 
Peninsula, Washington, USA, several cold seep carbonate 
deposits have been observed (Peckmann et al. 2002). 
Samples of these cold seep carbonates were retrieved 
through an expedition to the Olympic Peninsula in Sep-
tember 2004. Within the cold seep carbonates several dif-
ferent phases, namely gray micrite, yellow aragonite, clear arago-
nite, and equant calcite spar were distinguished and analyzed 
for their biomarker content by GC-MS (Fig. 1b; Hage-
mann et al. 2013). 
 

– Münder Formation, Germany – 

A stromatolite sample was retrieved from a limestone 
quarry near the village of Thüste, located 30 to 50 km 
southeast of Hannover, Germany. The sample site is lo-
cated in the centre of the Hils Syncline, a halotectonic de-
pression that formed during the late Late Jurassic (Thi-
tonian) to the lowermost Cretaceous (Berriasian). Within 
the quarries, oolithic limestones are overlain by a dark, 
well-stratified to laminated marlstone bed with prominent 
occurrences of stromatolites. The analyzed stromatolite 
sample was comprised of three distinct phases, namely the 
initial clast, and the growth phases 1 and 2 (Figs. 1c, d; for a 
detailed description, see Arp et al. 2008). Growth phase 1 
shows irregular dendroid stromatolite columns and is 
composed of hemispheres with a vesicular, spar-cemented 
core veneered by brownish to dark gray microcrystalline 
laminae. In contrast growth phase 2 is characterized by regu-
lar columns. This dark gray to gray phase includes stro-
matolithic lamination as a result of alternation of porous, 
clotted laminae with elongated, angular crystal traces. The 
microfabric of the initial clast is identical to the fabric of 
the growth phases 1 and 2, but discontinuities of growth are 
more abundant (for a detailed petrographic description 
see Arp et al. 2008). 
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Fig. 2: UV-Raman spectra of distinct phases of samples from Hydrate Ridge, 
SE-Knoll chemoherm. (Arg = aragonite; peak assignments are discussed in text). 

 

 

Fig. 3: UV-Raman spectra of distinct phases of samples from the Lincoln 
Creek Formation. (Cal = calcite; Arg = aragonite; peak assignments are discussed 
in text). 
 

– Black Sea – 

Several studies have reported the occurrence of methane 
seepage in the NW’ Black Sea (e.g., Egorov et al. 1998). 
The combination of methane seepage and anoxic bottom 
water conditions results in the shifting of the AOM-
activity from the sediments into the water column. As a 
consequence carbonate towers up to 4 m in height grow 

into the anoxic water column (Pimenov et al. 1997; Mich-
aelis et al. 2002; Reitner et al. 2005). Microbial mats medi-
ating AOM were found to be associated with these car-
bonate build-ups. Samples were obtained from cruise 317-
2 of research vessel 'Poseidon' to the lower Crimean shelf 
of the NW’ Black Sea in September 2004. By using the 
manned submersible 'Jago', samples of microbial mats as-
sociated with carbonate towers were taken at water depths 
of 203 m (Station No.752; 44°46.41’ N, 31°58.84’ E), 
235 m (Station No.744; 44°46.47’ N, 31°59.52’ E), 229 m 
(Station No.716; 44°46.49’N, 31°59.55’E), and 221 m 
(Station No.744; 44°46.48’N, 31°59.49’E), respectively. 
The samples were immediately frozen on board of RV 
Poseidon and stored at -20°C. Two different mat types 
were macroscopically distinguished, namely a black and a 
pink mat type (Figs. 1e, f). From each mat type, one sam-
ple was analyzed by means of Raman spectroscopy 
 
Sample preparation 

To avoid contamination of the sample surface by organic 
compounds, all preparation tools with direct sample con-
tact (blade saw, spatula, pipettes, and object slides) were 
carefully pre-cleaned using acetone. 

Using a rock saw 3 x 5 cm sized slabs were cut out of 
the original samples from Hydrate Ridge, Lincoln Creek, 
and Münder Formation. After preparation, the rock sam-
ples were stored enveloped in aluminium foil until mea-
surement. Small pieces of the mat samples from the Black 
Sea were transferred on an object slide using a spatula, 
and immediately measured with the Raman spectrometer. 
 
Raman spectroscopy 

The micro-Raman system (Horiba Jobin Yvon LabRAM 
800 UV; Table 1) used is equipped with a 244 nm UV-
laser, which was operated at 25 mW at the laser exit. De-
pending on the sample the initial laser power was reduced 
to 1 %, 10 %, 25 %, or 50 % by using different filters. The 
laser beam was focused on the samples by an OFR LMV-
40x-UVB objective with a numerical aperture of 0.5. The 
confocal hole diameter was set to 200 µm. The Raman 
scattered light was dispersed by a 2400 l/mm grating on a 
liquid nitrogen cooled CCD detector with 2048 x 512 pix-
els, yielding a spectral dispersion of better than 1.05 cm-1 
per pixel. Raman spectra in the range from 300–4000 cm-1 
were obtained in 2 spectral windows. Acquisition times 
were 2 times 5–300 s per window. A diamond standard 
with a major peak at 1332.0 cm-1 was used for calibration 
of the spectrometer. 

Line profile measurements on Hydrate Ridge and Lin-
coln Creek Formation samples were carried out using a 
motorized xy-stage, controlled by the HORIBA Jobin 
Yvon LabSpec software version 5.19.17. Peak integrals of 
line profile measurements were calculated from the back-
ground corrected spectra. 
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Table 1: Hardware specifications of the used micro-Raman system 
(NA = numerical aperture). 

 
 
 

Results 

The peaks detected in the cold seep samples are exclusive-
ly located in the range between 700 cm-1 and 1900 cm-1. 
Peaks below 500 cm-1 could not be detected by UV-
Raman spectroscopy due to technical limitations of the 
UV-notch filter systems. 
 

– Hydrate Ridge, SE-Knoll chemoherm, NW-Pacific Ocean – 

All spectra obtained from the distinct phases of the Hy-
drate Ridge samples showed a similar peak pattern 
(Fig. 2). 

In the UV-Raman spectra, strong peaks occurred 
around 1086 cm-1 and 1609 cm-1 and medium intensity 
peaks around 706 cm-1 and 1464 cm-1. Peaks of weak in-
tensity were found around 854 cm-1, 1415 cm-1, 1710 cm-1, 
and 1814 cm-1. No fluorescence effects were observed 
when using 244 nm as excitation wavelength. 
 

– Lincoln Creek Formation, USA – 

The spectra from the yellow aragonite and the equant calcite 
spar were similar in peak distribution (Fig. 3). The UV-
Raman spectra of both phases showed a strong band 
around 1083 cm-1. Moreover, a band at 1606 cm-1 was de-
tected, which was strongly variable in intensity. Medium 
intensity bands at 1435 cm-1 (equant calcite spar), 1463 cm-1 

(yellow aragonite) and 708 cm-1, and weak peaks around 
1749 cm-1 complete the spectra. 
 

– Münder Formation, Germany – 

The UV-Raman spectra obtained from the Münder for-
mation samples showed five distinct peaks (Fig. 4). Strong 
peaks were detected around 1085 cm-1 and 1600 cm-1. The 
latter peak is enclosed by two medium intensity peaks at 
1434 cm-1 and 1749 cm-1, respectively. A weak peak was 
detected at 711 cm-1. Notably, in spectra from the growth 
phase 1 the peak at 1600 cm-1 showed a higher intensity 
signal as the peak at 1085 cm-1 (Fig. 4). 
 

– Black Sea – 
The UV-Raman spectra of the microbial mat samples 
from the Black Sea showed a high intensity peak with a 
maximum around 1605 cm-1 and a broad shoulder to-
wards lower Raman shifts (Fig. 5). In the pink mat type 
further medium intensity peaks were observed at 918 cm-1 
and 998 cm-1 and 1090 cm-1. 
 

 

Fig. 4: UV-Raman spectra of distinct phases of samples from the Münder 
Formation. (Cal = calcite; peak assignments are discussed in text). 
 
 

 

Fig. 5: UV-Raman spectra of distinct phases of microbial mat samples from 
the Black Sea. (peak assignments are discussed in text). 



118   Leefmann et al. 

 

 

Fig. 6: Raman line profile of Hydrate Ridge microbialite using UV-laser (a) reflected light image of analyzed sample surface, (b) UV-camera image of gray micrite 
and whitish aragonite with marked line profile spots, (c) diagram of G peak integral vs. spot number, (G peak integral = 1548–1640 cm-1). 
 

 

Discussion 

– Hydrate Ridge, SE-Knoll chemoherm, NW-Pacific Ocean – 

Previous GC-MS studies of the analyzed Hydrate Ridge 
samples revealed strongly differing biomarker patterns in 
the three carbonate phases. This was interpreted to reflect 
different modes of formation (for a detailed discussion see 
Leefmann et al. 2008). Briefly, high amounts of AOM-
specific lipid biomarkers observed in the whitish aragonite, 
such as archaeol, sn-2-hydroxyarchaeol, and non-isopreno-
idal dialkyl glycerol diethers (DAGEs), indicate that mi-
croorganism mediating AOM were involved in the for-
mation of this specific phase. Moreover, the abundance of 
sn-2-hydroxyarchaeol suggested that anaerobic metha-
notrophic archaea of the phylogenetic ‘ANME-2’ group 
played an important role among the ancient methane-
consuming community (Blumenberg et al. 2004). The high 
amounts of DAGEs probably originated from the 
syntrophic SRBs of the AOM-consortia. By contrast, the 
lucent aragonite was found to be extremely lean in organic 
compounds, and even the lipid traces observed were 
probably due to contamination from other phases during 
sample preparation (Leefmann et al. 2008). The low bi-
omarker concentrations reveal that this carbonate phase 
did not include fossilized microorganisms and suggests a 
mode of formation that was not directly mediated by mi-
croorganisms. The occurrence of both, AOM-specific 
(e.g., archaeol) and allochthonous (e.g., sterols, perylene) 
biomarkers in the gray micrite indicated, that this phase 
largely consists of allochthonous, i.e., sedimentary material 

cemented by authigenic AOM-derived carbonates (Leef-
mann et al. 2008). 

Most Raman signals observed in the analysis of three 
carbonate phases can be attributed to the carbonate min-
eralogy (Fig. 2). The peak at 706 cm-1 represents the υ4 in-
plane bending mode of the carbonate-ion. The weak peak 
at 854 cm-1 can be attributed to the υ2 mode of the car-
bonate ion (Frech et al. 1980). The υ1 mode of the car-
bonate ion is represented by the peak at 1086 cm-1. Ac-
cording to Frech et al. (1980), the peak at 1464 cm-1 arises 
from the υ3 mode of the carbonate ion. Frech et al. (1980) 
also mention a broad feature around 1420 cm-1, which 
may correspond to the peak at 1415 cm-1 observed in the 
UV-Raman spectra. However, the band observed in the 
Raman spectra at 1415 cm-1 is rather sharp and might thus 
arise from a different source. The weak peaks around 
1710 cm-1 and 1814 cm-1 could not be assigned to certain 
vibrational modes, but they were also observed within 
spectra of pure aragonite (not shown). The peak observed 
around 1609 cm-1 is attributed to C-C bonds, and most 
likely arises from carbonaceous matter bound in the sam-
ples. For ordered, graphite-like structures this peak (re-
ferred to as G peak in the following) occurs as a sharp 
peak at 1575 cm-1, depending on the used laser excitation 
wave length. Broader G peaks around 1600 cm-1 are 
common features of disordered carbonaceous materials 
such as kerogens. In the spectra recorded in our study, the 
occurrence of such broad G peaks may indicate potential 
alteration of the organic matter from high laser power. In 
spectra of disordered carbonaceous materials, the G peak 
is accompanied by D peaks (Pasteris & Wopenka 2003). 
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When using UV-excitation wavelengths, however, the D 
peaks greatly decrease in intensity, and were below detec-
tion limit in the spectra recorded here.  

Except for the G peak no peaks specific for individual 
functional groups of organic compounds were observed 
in the spectra of the Hydrate Ridge samples. The intensity 
of the G peak may thus be plausibly used as a measure of 
organic carbon content in the mineral phases. By the line 
profiles, the coupling of intensity of the G peak to the in-
dividual carbonate phases should be revealed. Fig. 6 
shows the integral of the broad G peak as a function of 
the measurement spot. The figure clearly shows that the 
intensity of the broad G peak decreases towards the gray 
micrite. This may be due to higher organic carbon contents 
in the whitish aragonite than in the gray micrite. 

In the second profile carried out at the interfaces of 
whitish and lucent aragonite, the G peak integral graph shows 
a decrease from the whitish towards the lucent aragonite 
phase (Fig. 7).  
Both profiles (Figs. 6, 7) clearly support the GC-MS re-
sults with respect to the biomarker content reported in 
Leefmann et al. (2008). Based on this experiment, it is ev-
ident that Raman spectroscopy can reveal differences in 
the organic carbon content of the individual mineral phas-
es at a microscopic scale. 

Summarizing, the Raman analyses of the Hydrate 
Ridge samples clearly indicate preferred aragonite miner-
alogy of all phases studied, and considerable differences in 
the amounts of (disordered) organic material. 
 

– Lincoln Creek Formation, USA – 

Like for the Hydrate Ridge materials, GC-MS analysis 
conducted on the Lincoln Creek carbonates by Hagemann 
et al. (2013) revealed strong differences in the distribution 
of lipid biomarkers between the distinct phases. The high 
abundance of AOM-specific biomarkers in the yellow arag-
onite was interpreted as to reflect an AOM-derived precipi-
tate, i.e., a fossilized AOM-biofilm. Accordingly, a low 
abundance of lipid biomarkers in the equant calcite spar was 
assumed to represent a late diagenetic origin.  

In the Raman spectra of the yellow aragonite and the 
equant calcite spar, most peaks represent the aragonite or 
calcite mineralogy, respectively (Fig. 3). The peak at 
1463 cm-1 can be attributed to υ3 mode of the carbonate 
ion in aragonite, whereas the peak at 1435 cm-1 is con-
sistent with the υ3 mode of the carbonate ion in calcite. 
Likewise, the peaks at 708 cm-1, and 1085 cm-1 can be as-
signed to the carbonate ion. The peak at 1749 cm-1 can be 
assigned to the 2xυ2 mode of the carbonate ion (Urmos et 
al. 1991). The differences in lipid biomarker content be-
tween the phases revealed by GC-MS analysis were re-
flected in the Raman spectra by the strong differences in 
the abundance of the G peak at 1606 cm-1. However, no 
further peaks representing organic compounds were ob-
served. 
 

– Münder Formation, Germany – 

Previous GC-MS-analyses on the same Thüste stromato-
lites as analyzed in this study revealed strongly 13C-
depleted sulfurized hydrocarbon biomarkers (Arp et al. 
2008). In conjunction with other indications this was in-
terpreted as to reflect stromatolithic carbonate CaCO3 
precipitation near the oxic–anoxic interface, as a result of 
intensive bacterial sulfur cycling and AOM, rather than of 
photosynthetic activity. Further GC-MS studies revealed a 
variety of biomarkers, but no systematic differences in the 
biomarker patterns between the individual growth phases 
were observed. However, the total amount of lipid bio-
markers showed slight variations between the phases. In 
the Raman spectra, most peaks (711 cm-1, 1085 cm-1, 
1434 cm-1 and 1749 cm-1) observed in the spectra of the 
samples from Thüste can be assigned to calcite (Fig. 4). 
The only signal interpreted to originate from organic 
compounds is the G peak around 1600 cm-1, which is 
markedly strong in the spectra of growth phase 1 and thus 
suggests a higher organic content of this phase compared 
to the initial clast and growth phase 2. However, in the ab-
sence of Raman line profile measurements crosscutting 
the three phases, this interpretation must remain specula-
tive. 
 

– Black Sea – 
Previous GC-MS analyses and compound specific isotope 
analyses of biomarkers from similar Black Sea mats indi-
cated that lipids in both black and the pink variety were 
sourced by Archaea and SRB involved in AOM (Blumen-
berg et al. 2004). Furthermore, the typical compounds ob-
served were similar to those reported from Hydrate Ridge 
(see above), with somewhat different distributions of phy-
logenetic groups in the different mat types, respectively. 

In the Raman spectra of the pink mat type, the peak ob-
served around 1090 cm-1 probably arises from carbonate 
particles within the mat (Fig. 5). The major peak at 
~1605 cm-1 found within the UV-Raman spectra corre-
sponds to the peak of disordered carbonaceous material 
found in the microbialites. However, it should be noted 
that the peak shape is more asymmetric than the G peaks 
in the spectra from the microbialite samples from the Hy-
drate Ridge, Lincoln Creek and the Münder Formation 
(Figs. 2–4). Further peaks at 918 cm-1 and 998 cm-1 might 
reflect vibrational modes of organic molecules, as they 
were not observed within the UV-Raman spectra of the 
carbonate samples. The spectrum of the black microbial 
mat showed a slightly lower signal intensity of the G peak 
than the pink microbial mat. In contrast to biomarker dif-
ferences as been obvious from GC-MS analyses, however, 
no major differences were found between both mat types 
by Raman spectroscopy. 
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Fig. 7: Raman line profile of Hydrate Ridge microbialite using UV-laser: (a) UV-camera image of whitish aragonite and lucent aragonite with marked line profile 
spots, (b) diagram of G peak integral vs. spot number (G peak integral = 1548–1640 cm-1). 

 

 

Conclusions 

Under the given analytical conditions UV-Raman spec-
troscopy does not allow for a detailed characterization of 
the biomarker content of carbonate microbialites. Except 
for the broad G peak representing disordered carbona-
ceous material, no peaks specific for individual functional 
groups or organic compound classes were detected within 
the carbonate microbialites studied. The difficulty to fur-
ther characterize organic matter bound in sedimentary 
rocks might be regarded as a general drawback of current 
Raman spectroscopy. Similar problems were reported 
from the analysis of kerogens (Pasteris & Wopenka 2003). 
Comparison with published biomarker studies shows a 
much greater capability of GC-MS to identify distinctive 
biosignatures of methanotrophic consortia in the micro-
bialite phases. On the other hand, Raman spectroscopy 
clearly resolved the differences in organic matter content 
of distinct microbialite phases. Raman spectroscopy can 
therefore be regarded useful to distinguish fossilized bio-
films from precipitates that were not directly mediated by 
microorganisms. Another advantageous feature of Raman 
spectroscopy is its capability to simultaneously analyze the 
mineralogy and organic matter content of the microbialite 
phases at the microscopic level, and without the need of 
elaborate sample preparation. The results of this study 
thus demonstrate that the different techniques cannot re-
place each other, but should rather be used in conjunction 
in geobiological studies. 
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