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Full solar spectrum measurements of absorption of light in a
sample of the Beacon Sandstone containing the Antarctic
cryptoendolithic microbial community
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Abstract: We report measures of absorption (negative logl0 of the transmissivity) of a collimated beam
through a 2.27mm surface layer of Beacon Sandstone that harbours a cryptoendolithic microbial
community. Consistent with the findings of previous work in the visible light range with these rocks, and in
analogous sediments, blue wavelengths are more strongly attenuated than red. At wavelengths from
2400-1200 nm the absorption of the dry rock layer is roughly constant at 3.1 except in the water bands at
2000 nm and 1600 nm. From 1200-300 nm the absorption increases from 3.1 to 6.4, below 300—190 nm (the
lowest wavelength measured) the absorption exceeds 6.4. When the rock is saturated with water the
absorption uniformly decreases by about 0.1-0.2 over the 700400 nm region but decreases sharply for
lower wavelengths, with the decrease equal to 0.5 at 300 nm. Thus, the relative protection against UV is
attenuated when the rock is wet. Even with this decreased absorption the UV absorption is still greater than
that for the visible. The absorption at wavelengths less than 300 nm was too large to measure (> 6.4) for

both the wet and dry rocks.
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Introduction

The subsurface of rocks that are translucent and porous
provide a habitat for microbial life in a variety of environments
including both hot and cold deserts (Friedmann 1982,
Matthes et al. 2001, Cockell et al. 2002, Biidel et al. 2004).
Phototrophic organisms live just below the surface and
use sunlight that penetrates the rock. In this respect the
endolithic habitat is analogous to the hypolithic habitat. In
the latter the organisms live beneath non-porous translucent
rocks. A similar system is represented by aquatic sediments
in which phototrophs live below the surface of the sand. A
key question in all three of these habitats is the quantity and
quality of the light that penetrates the mineral phase.
There has been considerable study of the transmission
of light in the photosynthetically active region (PAR,
700400 nm) in endoliths (Nienow et al. 1988, Matthes
et al. 2001, Hughes & Lawley 2003, Horath et al. 2006,
Herrera et al. 2009), hypoliths (Berner & Evenari 1978,
Cockell et al. 2002) and aquatic sediments (Haardt &
Nielsen 1980, Jorgensen & DesMarais 1986, Kiihl &
Jorgensen 1992, 1994, Kiihl et al. 1994, 1997, Ichimi ef al.
2008). In all of these habitats photosynthetic organisms live
below a layer of translucent mineral, be it soft sand
sediments or hard rock. For a review of these cryptic
habitats see Cockell et al. (2009). A question common in
all of these habitats is the quantity of light that penetrates
the overlying mineral layer and the relative spectral
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absorption across the solar spectrum. Because many of
these diverse habitats have quartz mineralogy with iron
pigments present, it would not be surprising to find
common properties in terms of light transmission.

The majority of light attenuation studies have focused on
the characterization of the light penetration through rocks
and minerals in the PAR (e.g. Berner & Evenari 1978,
Nienow et al. 1988, Matthes et al. 2001, Cockell et al.
2002, Hughes & Lawley 2003, Herrera et al. 2009). Some
studies have considered the importance of UV screening
by sand and mineral layers. The first study along these lines
was by Sagan & Pollack (1974) who considered the
differential absorption of UV on Mars compared to PAR.
They concluded that a euphotic zone could exist ~ 1cm
below the surface of sands on Mars where visible light is
still intense enough for photosynthesis but the germicidal
ultraviolet (down to 190 nm) would be absorbed. Hughes
& Lawley (2003) considered the UV (down to 300 nm)
protection provided by gypsum crusts in the maritime
Antarctic. Phoenix et al. (2001) considered UV (254 nm)
shielding capacity of iron-bearing silicate biominerals and
found that they were effective shields and suggested they
could have been important for life in the time before the
development of free oxygen in the atmosphere. Phoenix
et al. (2006) extended this work with additional field
and laboratory measurements of UV-A (320400 nm) and
UV-B (280-320nm) and concluded that the UV was
effectively removed compared to the PAR with shorter UV
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wavelengths more strongly absorbed. Cockell et al. (2008)
conducted exposure experiments in the Atacama Desert and
showed that UV radiation was an important biocidal factor
on rock surfaces and that mineral layers provided effective
UV shielding for endoliths. Herrera et al. (2009) considered
endoliths within silica-rich rhyolitic glass (obsidian) and
also found effective screening of UV while PAR levels
remained adequate for photosynthesis.

In this study we report measurements over a much
broader range of wavelengths (2300-190nm) than any
previously considered. There are several reasons why it
may be useful to characterize endolithic environments
over the entire solar spectrum. Recently a new form of
chlorophyll has been discovered with absorption features
that are red-shifted compared to all other chlorophylls - its
in vitro absorption and fluorescence maxima are 706 nm
and 722 nm respectively (Chen et al. 2010). Furthermore,
recent speculations have suggested the infrared light from
hot deep sea vents might provide for photosynthesis (Van
Dover et al. 1996, Beatty et al. 2005).

Measurement for high absorption is necessary as low light
levels may be important for phototrophic growth. Littler
et al. (1986) reported on growth of red macro-algac on
deep seamounts at light levels of < 0.01 pmol m™s™'. Raven
et al. (2000) have reviewed the minimum light levels for
photosynthesis and also concluded that ~ 0.01 pmolm™s™
is needed. This corresponds to an absorption, with respect
to typical full summer noon sunlight in the Antarctic
(~ 1000 wmol m?s™"), of 5.

Deeper UV radiation is also of interest to astrobiology.
On other worlds, in particular Mars, the lack of O, and O3

Fig. 1. Image of Beacon Sandstone sample used in this study,
from Linnaeus Terrace, Upper Wright Valley, Antarctica.
Background grid is 0.5 cm squares.
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in the atmosphere would allow for UV down to 190 nm to
reach the surface. This may also have been the case on the
early Earth (e.g. Phoenix et al. 2006).

The penetration of solar infrared is of interest as
photosynthetic capabilities at longer and longer wavelengths
are considered. In addition, the far infrared is important to
energy balance studies and the depth of deposition may effect
thermal fluctuations in the endolithic habitat (McKay &
Friedmann 1985). Also, because of the strong water bands at
2000 nm and 1600 nm monitoring the solar infrared may be a
method for monitoring water inside porous rocks.

Methods

A typical specimen of Beacon Sandstone (Fig. 1) was
collected from Linnaeus Terrace (Asgard Range; 77°36'S,
161°05'E, elevation 1600-1650m). The sample was
~ 1.5cm thick and a lcm diameter hole was drilled
from the bottom to a depth of 2.27 + 0.3 mm below the
surface - a depth that corresponds to the middle of the
colonized zone (Nienow ef al. 1988, table 2). The relatively
large uncertainty in the thickness is due to the unevenness
of the surface and of the hole.

As shown below, the absorption (a, defined such that the
transmissivity = 10™) of the sample is too high, up to 6 and
above, to allow direct measurements with normal laboratory
spectrometers. To accommodate these high absorptions the
reference beam of the spectrometer was attenuated by 1%
neutral density filters constructed out of metal screen, similar
to the method of Nienow et al. (1988). The absorption of the
filters was directly tested and found to differ from 2.0 by less
than 0.1 over the entire wavelength range considered. By use
of the filters, the ratio of the transmissivity through the
sample with respect to the reference beam was thus kept
within the range of 0.0-2.0. While this allowed high absolute
absorptions to be measured directly there was an inevitable
increase in noise.

A Perkin-Elmer Model 552 Spectrometer with digital and
graphical output was used in the wavelength range of
750-190nm. This instrument is capable of measuring
relative absorptions from -0.5 to 3.0. A tungsten-bromide
lamp was used for wavelengths greater than 315nm and
deuterium lamp for shorter wavelengths. The slit was set at
4nm and the wavelength range was scanned at 1nmsec™.
Graphical output was recorded in the absorption range
of 1.5-2.5 using a single filter, thus corresponding to an
absolute absorption of 3.5-4.5. At this point a second filter
was introduced into the reference beam allowing absolute
absorptions from 4.5-6.0 to be measured. Values of absolute
absorption larger than 6.4 could not be satisfactorily
measured due to signal to noise problems.

A Cary Model 14 Recording Spectrometer was used in
the wavelength range of 2400—600 nm. The Cary was also
used to obtain data in the 600-300 nm for comparison to the
Perkin-Elmer results. The slit width was under automatic
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3.6 Table 1. Absorption in sandstone surface layer.
Wavelength, nm Dry rock layer Wet rock layer
1300 3.20 3.11
1200 3.45 3.55
40 1100 3.20 3.19
1000 3.37 3.24
900 3.42 3.29
800 3.46 3.33
750 3.61 3.52
700 3.63 3.54
i 650 3.69 359
= 600 3.77 3.67
= 550 4.05 3.89
o 500 4.24 4.06
8 450 4.50 4.32
g 400 5.01 4.85
© 350 5.71 5.50
8 50 - 300 6.36 5.86
absorption increases markedly with wavelength dropping
over two and a half decades in the photosynthetically active
region (PAR). Below 350 nm the absorption is too large to
3.0 24,0004
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Fig. 2. Absorption (a, defined such that the transmissivity = 107™)
of the rock as function of wavelength. Based on the graphical
output of a Perkin-Elmer model 552 spectrometer. The
discontinuity in the spectrum at 450 nm is due to the change
from a single compensating filter to a double compensating
filter placed in the reference beam to allow for measurement of
high values of absorption. The size of the discontinuity is
indicative of the error introduced by the compensating filters.

logqo ABSORPTION

control and the scan speed was 5nmsec’’. It was only
necessary to use one filter in the reference beam to obtain
results over the range of 2400—600 nm.

Spectra were obtained with the dry rock in the sample
beam. The rock was then wetted to field capacity with distilled
water, without moving the rock from the sample beam.
Spectra were then obtained with the wetted rock. The rock was
then removed and weighted to determine the percent water.

Results 40t L . . . . .
2400 2100 1800 1500 1200 900 600

The absorption spectra of the dry rock obtained in the WAVELENGTH, nm
visible wavelength range is shown in Fig. 2 based on the
graphical output of the Perkin-Elmer 552. The discontinuity

Fig. 3. Absorption in the infrared region, 2400-600 nm, from
the graphical output of the Cary 14 Spectrometer for both dry

in the spectrum at 450 nm is due to the change from a single and wet samples. Absorption features of water are visible at
filter to a double filter. The size of the discontinuity, 0.1, 2000 nm and 1600 nm. Outside these regions the absorption is
is indicative of the error introduced by the filters. The reduced when the sample is wet.
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Fig. 4. Difference in absorption between the dry and wet
samples as a function of wavelength from 700-300 nm. There
is a sharp increase in the enhancement of the transparency
due to water for wavelengths less than 350 nm.

register on the graphical output. The spectra in the near
infrared region, 2400-600nm, is shown in Fig. 3. The
tracings of the graphical output of the Cary Spectrometer
for both dry and wet rocks are shown. The ratio of wet to
dry absorption was obtained in the visible by use of the
digital output display of the model 552. The values for
both the dry and wet absorption are listed as a function
of wavelength in Table I from the digital output and the
difference in absorption is plotted in Fig. 4.

The spectra in the near infrared region, 2400-600 nm,
is shown in Fig. 3. The tracings of the graphical output of the
Cary Spectrometer for both dry and wet rocks are shown.

The mass of the rock sample was 160.94 g when dry and
166.12 g when saturated with water (field capacity). This
corresponds to a 3.2% increase in mass. This level of water
corresponds to the porosity of ~ 10% (Nienow et al. 1988).

Discussion

Using the measured thickness of 2.27 mm we can compute
values of the extinction coefficient, %, that range from
3.7mm™ at 700nm to 5.1 at 400 nm. These values are larger
than the PAR averaged values reported by Nienow et al.
(1988) of 1-3 mm™". The reason for this difference is that the
k value reported by Nienow et al. (1988) is based on total
PAR measured in the rock with a fibre optic probe. The
probe is inserted into the rock and effectively measures the
total downwelling radiation which consists of the attenuated
direct beam plus the downwelling diffuse radiation. In the
measurements reported here, the long straight path and
the distance between the sample and the detector results in
the measurement only of the attenuated direct beam. The
ratio between the extinction of the direct beam, %, and the
effective extinction coefficient of the total downwelling
ratio, kg, is given by (e.g. McKay et al. 1994)

ket = [(1-w)(1-gw)]'* & (1)
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Where w is the single scattering albedo and g is the
asymmetry factor for the scattered radiation. The single
scattering albedo is the ratio of scattering to total extinction
for a particle or volume element. For a purely scattering
material, w =1, and for a purely absorbing material w = 0.
For clean quartz this would be quite high, 0.9 or above. For a
quartz particle with iron coating as typical for the Beacon
Sandstone w would be less, ~ 0.6. The asymmetry factor
refers to the fraction of the scattered radiation that is
scattered in the forward direction. For g = -1 the scattering is
backscattering, for g = 1 the scattering is forward scattering
and g = 0 refers to isotropic scattering. Particles much larger
than the wavelength of light preferentially scatter in the
forward direction, g > 0.

For typical values of w=0.6 and g = 0.6, the ratio of
keg'k 1s 0.53, which gives values for k¢ from our data of
2-2.7 for 700 and 400 nm respectively, consistent with the
results of Nienow et al. (1988).

Nienow et al. (1988) reported spectral absorption for
400-700 nm. Over this range they observed a difference in
absorption of slightly more than 1. For our results this
difference is 1.3, indicating a stronger reddening of the
transmission possibly due to higher iron content. It is
important to note that there is significant point-to-point
variation in the optical properties of the Beacon Sandstone
and an exact comparison between the Nienow et al. (1988)
results and the results presented here is not possible.

The spectrum of light several millimetres below the
surface in the microbial zone is markedly different from the
spectrum of light incident on the surface of rock. This was
noted by Nienow et al. (1988) and here we have extended
this conclusion across the entire solar spectrum. Red
wavelengths penetrate deeper and are thus brighter at a
given depth than blue light. This certainly has important
implications for the use of different pigments and the
distribution of different phototrophic organisms with depth
into the rock.

In most of the wavelength range considered here water
does not have significant absorption and its effect on the
optical properties results from the reduction in contrast in the
index of refraction between the sand grains and the inter-grain
spaces when these spaces are filled with water compared with
air. Kithl & Jergensen (1994) discuss this effect in detail.
They show that water reduces the effective optical diameter
of the grains and increases the forward scattering.

In the wavelength interval between 2400 and 1300 nm
the presence of water has contrasting effects. Here the
strong absorption bands of water causes a decrease in
transmission in pronounced spectral features. However, it is
interesting to note that at 1600 nm the effects of water
on the transmissivity cancel but in the strong 2000 nm
absorption band the presence of water produces a net
reduction in transmissivity. The relative transparency of the
rock at these wavelengths to incident solar radiation is a
possible method of detecting water in the rock.
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The strong absorption of UV light by the sandstone
suggest that this habitat for life would be well protected
when atmospheric absorption of UV is minimal, for
example the present day Mars, or the early Earth before
the rise of atmospheric oxygen.

The relative transmissivity of the sandstone in the infrared
would suggest that this habitat would favour phototrophs
with pigmentation that absorbs at long wavelengths. The
deeper into the rock the more the enhancement of the
infrared relative to the bluer wavelengths. Thus one might
expect a zonation of photosynthetic organisms in the
rock with layers deeper into the rock using pigments that
absorb at longer wavelengths. However, the full biological
implications of the spectral shift with depth will have to
await a study of the biological structure of the layering in a
diverse set of endolithic rocks.

Conclusions

We have measured the spectral transmissivity over the
wavelength range from 2400-300nm for the upper few
millimetre layer of Beacon Sandstone corresponding to the
approximate depth of colonization. Our results are broadly
consistent with those previously reported by Nienow et al.
(1988) for the spectral region from 700—400 nm.

From our results and analysis we find that, consistent
with the findings of previous work in the PAR, there is a
strong differential absorption of sunlight into the sandstone
with attenuation in the UV and blue being orders of
magnitude larger than in the red and near infrared.

When water fills the pore spaces of the sandstone the
optical properties are altered generally allowing increased
transmissivity. As discussed by Nienow et al. (1988) this is
due to reduced scattering associated with the reduction in
optical contrast between the scattering particles and the
pore spaces.

In the infrared the difference between the wet rock and the
dry rock is complicated by the presence of strong water
absorption bands at 2000 and 1600 nm. In the absorption band
the presence of water greatly reduces the transmissivity while
outside the water absorption bands the presence of water
increases the transmissivity. Monitoring the transmission at
two wavelengths in the infrared (e.g. 2000 and 1800nm)
could provide a means of detecting the presence of water in
the pore space of the sandstone.

Acknowledgements

Field support was provided by the US Antarctic Research
Program. Laboratory work and analysis was supported by
the NASA Astrobiology program. I thank two high school
students, Lisa Lockyer and Terence Lung, for assistance
with the measurements and analysis. I thank the two
reviewers for their constructive comments. This paper is

https://doi.org/10.1017/50954102011000915 Published online by Cambridge University Press

dedicated to the memory of Imre Friedmann, who recruited
me to the study of endoliths and hypoliths.

References

BERNER, T. & EvEnari, M. 1978. The influence of temperature and light
penetration on the abundance of the hypolithic algae in the Negev
Desert of Israel. Oecologia, 33, 255-260.

BeatTy, J.T., OVERMANN, J., LiNncE, M.T., Manskg, A.K., Lang, A.S.,
Brankenship, R.E., van Dover, C.L., MarTINsON, T.A. & PLuMLEY, F.G.
2005. An obligately photosynthetic bacterial anaerobe from a deep-sea
hydrothermal vent. Proceedings of the National Academy of Science of
the United States, 102, 9306-9310.

BupEL, B., WEBER, B., Kunr, M., Pranz, H., SULTEMEYER, D. & WESSELS,
D.C.J. 2004. Reshaping of sandstone surfaces by cryptoendolithic
cyanobacteria: bioalkalization causes chemical weathering in arid
landscapes. Geobiology, 2, 261-268.

CHEN, M., SchLiEP, M., WiLLows, R.D., Cal, Z.-L., NEILAN, B.A. & SCHEER,
H. 2010. A red-shifted chlorophyll. Science, 329, 1318-1319.

Cockerr, C.S., Leg, P., Osmski, G., HorneEck, G. & Broapy, P. 2002.
Impact-induced microbial endolithic habitats. Meteoritics and Planetary
Science, 37, 1287-1298.

CockELL, C.S., McKay, C.P., WARReN-RHODES, K. & HornECk, G. 2008.
Ultraviolet radiation-induced limitation to epilithic microbial growth in
arid deserts: dosimetric experiments in the hyperarid core of the
Atacama Desert. Journal of Photochemistry and Photobiology B, 90,
79-87.

CockeLr, C.S., KALTENEGGER, L. & Raven, JA. 2009. Cryptic
photosynthesis: extrasolar planetary oxygen without a surface biological
signature. Astrobiology, 9, 623-636.

Friepmann, E.I. 1982. Endolithic microorganisms in the Antarctic cold
desert. Science, 215, 1045-1053.

Haarpt, H. & NieLseN, G.A.E. 1980. Attenuation measurements of
monochromatic light in marine sediments. Oceanological Acta, 3,
333-338.

Herrera, A., Cockirr, C.S., Serr, S., BLAXTER, M., REITNER, J.,
THorsTEINSSON, T., Are, G., DrOse, W. & TinpLE, A.G. 2009. A
cryptoendolithic community in volcanic glass. Astrobiology, 9,
369-381.

Horath, T., NEu, T.R. & BacHoreN, R. 2006. An endolithic microbial
community in dolomite rock in central Switzerland: characterization
by reflection spectroscopy, pigment analyses, scanning electron
microscopy, and laser scanning microscopy. Microbial Ecology, 51,
353-364.

Huches, K.A. & LawLEy, B. 2003. A novel Antarctic microbial endolithic
community within gypsum crusts. Environmental Microbiology, S,
555-565.

Icuvy, K., Tapa, K. & Monrtani, S. 2008. Simple estimation of penetration
rate of light in intertidal sediments. Journal of Oceanography, 64,
399-404.

JorRGENSEN, B.B. & DEsMaRrals, D.J. 1986. A simple fiber-optic microprobe
for high resolution light measurements: application in marine sediment.
Limnology & Oceanography, 31, 1376-1383.

Kuonr, M. & JorGENSEN, B.B. 1992. Spectral light measurements in
microbenthic phototrophic communities with a fiber-optic microprobe
coupled to a sensitive diode array detector. Limnology & Oceanography,
37, 1813-1823.

KuHt, M. & JorGensen, B.B. 1994. The light field of microbenthic
communities: radiance distribution and microscale optics of sandy
coastal sediments. Limnology & Oceanography, 39, 1368—1398.

KuHL, M., Lassen, C. & JorGeENsEN, B.B. 1994. Light penetration and light
intensity in sandy marine sediments measured with irradiance and scalar
irradiance fiber-optic microprobes. Marine Ecology Progress Series,
105, 139-148.


https://doi.org/10.1017/S0954102011000915

248 CHRISTOPHER P. McKAY

KuHL, M., Lassen, C. & REvsBecH, N.P. 1997. A simple light meter for
measurements of PAR (400 to 700 nm) with fiber-optic microprobes:
application for P vs Eo(PAR) measurements in a microbial mat. Aquatic
Microbial Ecology, 13, 197-207.

LittLER, M.M., LiTTLER, D.S., BLAIR, S.M. & Norris, J.N. 1986. Deep-
water plant communities from an uncharted seamount off San Salvador
Island, Bahamas: distribution, abundance and primary production.
Deep-Sea Research, 33, 881-892.

MatTHEs, U., Turner, S.J. & Larson, D.W. 2001. Light attenuation by
limestone rock and its constraint on the depth distribution of endolithic algae
and cyanobacteria. International Journal of Plant Science, 162, 263-270.

McKay, C.P. & Friepmann, E.I. 1985. The cryptoendolithic microbial
environment in the Antarctic cold desert: temperature variations in
nature. Polar Biology, 4, 19-25.

McKay, C.P., Crow, G.D., ANDERSEN, D.T. & WHARTON JR, R.A. 1994.
Light transmission and reflection in perennially ice-covered Lake Hoare,
Antarctica. Journal of Geophysical Research, 99, 20427-20444.

https://doi.org/10.1017/50954102011000915 Published online by Cambridge University Press

Nienow, J.A., McKay, C.P. & FriepmanN, E.I. 1988. The cryptoendolithic
microbial environment in the Ross Desert of Antarctica: light in the
photosynthetically active region. Microbial Ecology, 16, 271-289.

Proenix, V.R., KoNHAUser, K.O., Apams, D.G. & BorrtreLL, S.H. 2001.
Role of biomineralization as an ultraviolet shield: implications for
Archean life. Geology, 29, 823-826.

PHoeNIx, V.R., BENNET, P.C., ENGEL, A.S., TYLER, S.W. & FErris, F.G. 2006.
Chilean high-altitude hot-spring sinters: a model system for UV screening
mechanisms by early Precambrian cyanobacteria. Geobiology, 4, 15-28.

RAVEN, J.A., KUBLER, J.E. & BEARDALL, J. 2000. Put out the light, and then
put out the light. Journal of the Marine Biological Association of the
United Kingdom, 80, 1-25.

SacaN, C. & Porrack, J. 1974. Differential transmission of sunlight on
Mars: biological implications. Icarus, 21, 490-495.

VaN Dover, C.L., REynoLps, G.T., CHAVE, A.D. & Tyson, J.A. 1996. Light
at deep-sea hydrothermal vents. Geophysical Research Letters, 23,
2049-2052.


https://doi.org/10.1017/S0954102011000915

