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Abstract

We have extensively modified and successfully used a laser Raman spectrometer (DORISS, deep-ocean Raman in situ
spectrometer) for geochemical studies in the deep ocean. The initial instrument, from Kaiser Optical, was separated into
three components: an optical head, a laser-power supply telemetry unit, and the spectrometer. These components were
modified to fit into custom designed pressure housings, and connected by deep-sea cables and optical penetrators
designed to minimize signal loss. The instrument ensemble has been field deployed on remotely operated vehicles
(ROVs) for a variety of experiments and observations, with successful operation at 1.6°C, 3600 m depth. Power supply,
instrument control, and signal telemetry are provided through the ROV tether, which contains copper conductors and
single mode optical fibers. The optical head is deployable by the ROV robotic arm for sample analysis; the remaining
components are fixed within the vehicle tool-sled. Challenges of system calibration at depth, temperature and pressure
artifacts, and system control through over 4km of cable were successfully overcome. We present exemplary spectra
obtained in situ of gas, liquid, and solid specimens, and of the ubiquitous signal of sea water itself. Future challenges
include weight and size reduction, and advances in precise beam positioning on mineral targets on the sea floor.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Geochemical studies in the deep ocean have
traditionally relied upon sample recovery by
bottles, cores, and dredges deployed from surface
ships, or collected by manned submersibles and
remotely operated vehicles (ROVs), to provide
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specimens for ship or shore based analysis. And
while this remains the principal technique, there is
a compelling case to be made for advances in in
situ detection and analysis. Advances in measure-
ment techniques have been greatly aided by the
development and increasing use of deep-ocean
submersibles and ROVs. These vehicles now
provide sophisticated carrying platforms with the
power, telemetry and data handling, and precise
manipulation capabilities (Brewer et al., 1999)
to support advanced geochemical measurement
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systems (Kleinberg et al., 2003). In this paper we
describe the adaptation of a laser Raman spectro-
meter (LRS) for in situ measurements in the deep
ocean, and its successful deployment from ROVs
operated by the Monterey Bay Aquarium Re-
search Institute (MBARI). In principle the system
we describe here could be adapted for use on a
variety of ROVs and research submersibles avail-
able worldwide. We present exemplary spectra of
sea water itself, and of selected geochemical targets
examined in a carefully constructed set of con-
trolled field experiments during the development
phase, and we briefly describe some important
calibration protocols. The verification of these
spectra through companion laboratory studies,
and detailed discussion of the spectra obtained, is
reported by Pasteris et al. (submitted).

A unique advantage of Raman spectroscopy for
the field geochemist (Pasteris, 1998) lies in its
ability to measure solid, liquid, and gas phases,
thereby greatly extending the range of possible
targets. The Raman technique can measure very
small samples and can provide geochemical
traverses across a heterogeneous sample. However,
the instrument we describe here has not yet
achieved scanning capability.

Sensors typically used (Varney, 2000) for
oceanic geochemical research are either electrodes
and optrodes, or small-scale pumped fluid devices,
for dissolved species detection. These have become
sophisticated and are used for mapping geochem-
ical fields and probing seafloor sediment fluids.
However, they are typically single species detection
systems, not broadly applicable, and the in situ
measurement of solid and gaseous phases, has so
far not been possible. It is ironic that a prototype
Raman spectrometer has been developed for
possible exploration of planetary surfaces (Wang
et al., 1998, 1999) such as Mars, yet the >70% of
Earth’s surface that is ocean has until now not
been made accessible to this important tool.

There are many examples of important targets
in the deep ocean potentially accessible by Raman
spectroscopy. These include the in situ identifica-
tion of rocks and minerals on the sea floor and the
determination of chemical composition of pore
water, gas seeps, and sea floor hydrothermal vents.
Other interests include biologically (including

microbially) precipitated solids such as the poly-
morphs of elemental sulfur produced by bacteria
such as Thioploca and Beggiatoa (Pasteris et al.,
2001). It has been reported that Raman spectro-
scopy can ‘‘characterize in situ the molecular
components of pigments and other significant
organic and inorganic constituents of a microbial
community within its lithic habitat” (Wynn-
Williams et al., 2002), although achieving this
goal on the ocean floor would seem to be a
significant challenge.

It is possible to distinguish between the biolo-
gically produced CaCO; polymorphs aragonite
and calcite, and to investigate phosphate minerals
and barite deposits on the seafloor. Other Raman
active solids of interest on the seafloor include the
silicates quartz and feldspar, the iron oxides
magnetite and hematite, and the various manga-
nese oxide precipitates. Clathrate hydrate phases
(Sloan, 1998; Buffett, 2000; Max, 2000), which
incorporate methane and many other gas species
into their structure offer a compelling case for
measurement in place. These hydrates are not
stable at atmospheric pressure and room tempera-
ture, but exist in vast quantities in ocean margin
sediments where the stability conditions are met.
While hydrate specimens may be liberated from
the sea floor (Brewer et al., 2002a), they are
exceptionally difficult to recover in an unaltered
state, and in situ analysis would provide unique
information. The Raman spectrum of both CH,
and CO, hydrates has been elegantly investigated
in the laboratory (Sum et al., 1997; Subramanian
and Sloan, 1999), and in situ analysis would permit
the determination of the unaltered state, cage
structures, and compositions.

Materials experimentally introduced into the
ocean for research purposes may also be Raman
active, such as in experiments to investigate the
feasibility of fossil fuel CO, disposal (Brewer et al.,
1999). Finally, possibly toxic material associated
with deep ocean waste sites or accidents, where
sample recovery may be hazardous, will require
non-invasive analysis methods, such as may be
provided by laser interrogation.

Nonetheless the challenges of carrying out
Raman spectroscopy in the deep ocean are
formidable. The Raman signal is notoriously
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weak, although possibilities for signal enhance-
ment do exist (e.g. Altkorn et al., 2001). The vast
majority of dissolved chemical species in sea water
are not Raman active, or are present at micro-
molar concentrations or less, and thus do not
present useful Raman analytes. Water itself has a
subdued Raman signature, unlike the overwhelm-
ing IR signature of water. Thus the ubiquitous
signal of sea water is not likely to produce
spectrally complex interferences in the Raman
optical path. Fluorescence, on the other hand, is
the bane of Raman spectroscopy, and there are
many fluorescent oceanic species, including chlor-
ophyll and related pigments. These are abundant
in ocean surface waters, but are also rapidly
transported to depth by sinking particles. It was
unknown at the outset of our work how significant
a problem for obtaining oceanic Raman spectra
this might be.

Raman instrumentation has been typically
fragile, requiring thermal stability, and a vibration
free environment. Modern developments in opto-
electronics have only now reached the point where
these limitations may be overcome. Nonetheless,
ships expose the instrumentation to significant
physical motions, days of vibration during transit,
and physical shock during loading and unloading.
Deep ocean water is cold, and during a single
lowering to the sea floor the instrumentation may
be exposed to temperature changes from 20°C to
2°C in 1h. The pressure casings that house the
instrument must provide protection for a 40 MPa
increase in pressure without distorting the encased
optical configuration. During expedition work it is
very common for instrument reconfiguration to be
required, often on a daily basis, and so the system
must be capable of open access under often trying
field conditions.

Finally, weight and size limitations, power
requirements, remote instrument control and
positioning, and data telemetry through over
4km of ROV tether, also provide significant
challenges. Signal loss associated with the optical
connectors required for pressure housings, and
electrical and optical noise that may be introduced
by the vehicle, are also issues to be faced. In Fig. 1
we show MBARI’s ROV “Tiburon” used for
several of our experiments, with the DORISS

Fig. 1. MBARI’s remotely operated vehicle “Tiburon”, in side
view. The base vehicle weight is 3084kg. Front, with
manipulators and cameras not shown, is to the right of the
image. The syntactic foam pack that provides buoyancy is on
top, the core vehicle power, thrust, telemetry, and computing,
systems are housed in the middle. Below is the tool sled with the
drawer used to house the DORISS system seen at bottom left.

spectrometer system installed in the vehicle tool
sled.

2. Experimental
2.1. Selection of an instrument

The research team comprises groups from both
MBARI and Washington University, St. Louis.
The primary laboratory work was based at
Washington University; the primary ocean pro-
gram was based at MBARI. Each team acquired
an initially identical instrument for research
compatibility. The MBARI instrument has been
very significantly modified in conversion to the
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DORISS unit; the Washington University instru-
ment remains in its original configuration. The
field experiments for system development were
carried out jointly by both teams in the deep
waters of Monterey Bay, California.

The DORISS system we have developed is based
on a laboratory model laser Raman spectroscopic
system from Kaiser Optical Systems, Inc. (KOSI).
A schematic diagram of the various components is
given in Fig. 2. The requirement for robust
handling demanded that the core instrument have
as few moving parts as possible, and that the laser
give a stable output over a wide temperature
range. A frequency-doubled Nd:YAG laser oper-
ating at 532nm was chosen (model DPSS532 by
Coherent) because of its stability and its ability to
be cooled simply by thermal conduction through
the walls of the high-pressure housing. The 532-nm
excitation wavelength was selected for its relatively
efficient propagation through sea water. The
Raman shift is not a function of the exciting

ROV connection
(Power & Ethernet)

Single board Laser ID
computer,
controller cards Power inverter I'j

Optic bench

CiEag ==

Fig. 2. Schematic of the DORISS system, showing the two
pressure housings for the power/laser/computer, and the optical
bench. These are carried in the vehicle tool-sled, and are
connected to the probe head by pressure tolerant optical fiber
cables. The probe head used for sample interrogation is carried
on the front of the vehicle so as to be accessible by the vehicle
robotic arm.

wavelength, but the efficiency of Raman scattering
from a substance decreases as a function of 1%, and
thus a shorter wavelength laser offers significant
advantages. Wavelengths shorter than 532-nm also
excite greater fluorescence, and thus the laser
selected represents an optimal choice.

The requirement for analysis of such a wide
range of materials and processes of scientific
interest requires a core Raman spectrometer that
measures the full spectral range of 100-4000 Acm .
The wide spectral coverage is required so that data
can be collected in the low-wavenumber range
(on sulfur and sulfur containing minerals), mid-
range (on most minerals and on volatiles such as
CO,, 05, N,), and high range (for organic
compounds and for the OH-groups of clathrate
hydrates and hydroxylated minerals such as
zeolites and clays). Appropriate resolution is
required to distinguish mixtures of phases with
similar band positions, such as carbonates and
experimentally introduced materials with contrast-
ing isotopic shifts (e.g., '*C and "*C).

The selected instrument was a Kaiser HoloSpec
f/1.81 spectrometer (Owen et al., 1998) with a
holographic transmissive grating and a front-
illuminated cooled CCD  camera  with
2048 x 512 pixels by Andor Technology. The
spectrum is split into two stripes on the face of
the camera, thus providing a mapping of 1cm™'
per pixel. This is coupled by fiber optics to Kaiser’s
Mark II holographic filtered probe head with two
interchangeable sampling optics: a ‘“‘stand-off”
optic, and an immersion probe (Fig. 3). We
adapted the stand-off optic for housing behind a
hemi-spherical deep-sea camera glass dome. It
provided a ~ 10X objective lens with a focal length
in air of ~6.4cm. When immersed in sea water the
dome-shielded optic provided a 10cm working
distance for target placement from the outer face
of the glass dome. The immersion probe consists
of a 2mm focal length lens integrated into a
25.4cm long metal tube with a plane sapphire end
window and a working distance that is variable
over a range of 1-7mm from the probe tip. The
two sampling optics require different pressure
housing end caps. The stand-off optic is used by
behind the glass dome window (shown assembled
in Fig. 3). When the immersion optic is used, the
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Fig. 3. The probe head, showing the pressure housing (above),
and both the stand-off optic, in which the laser beam projects
through the glass dome, and the immersion probe with a planar
sapphire window at the tip. When the immersion optic is used
the dome window is replaced with the flat end cap (seen on the
right side of the picture) and a gland seal is used to seal around
the probe. We determine ahead of the dive which optic will be
appropriate for the target we anticipate. Since the range of
focus is far greater for the stand-off optic this offers more
flexibility, albeit with somewhat lower sensitivity. The time
taken for optic exchange is a few (3-4)h, mostly for fine scale
adjustment to achieve maximum laser output.

dome window is replaced by a flat titanium end
cap with a gland seal that seals around the
protruding optic with the plane sapphire window.
The probe extends directly into the water ~20cm.

2.2. Doriss development

2.2.1. Modification of the original instrument

Communication and control capability for the
instrument via Ethernet was added by KOSI at
our request at the time of purchase. This is now a
standard feature for KOSI instruments. Our need
for frequent field adjustment made it necessary to
modify two of the original instrument alignment
mechanisms. First, the laser-fiber alignment me-
chanism was replaced with a lockable precision
three-axis micrometer stage to facilitate the align-
ment of the 62.5 um diameter excitation fiber optic
cable to the laser output port. This alignment is
critical for delivering and maintaining the max-
imum laser power to the sample of interest, and
correspondingly to obtaining the maximum in-
strument sensitivity.

Second, the alignment of the lens that focuses
the collected Raman signal on the spectrometer
slit, which in part determines the spectrometer
resolution, is also critical. We found that slight
mechanical shock, temperature changes, or orien-
tation deviations could cause the lens-to-slit
alignment to shift, degrading the signal. The
original KOSI slit alignment mechanism, designed
for use in fixed installations on land, used a
manual knob to translate the spot across the slit.
We have replaced this mechanism with a remotely
controllable motor driven stage. The stage trans-
lates the scattered-light spot across the slit in
0.5 um increments. This translation allows a field
scientist to optimize the optical throughput of the
instrument in real time while at full ocean depth on
an individual measurement basis to compensate
for changes in the lens/slit alignment that may
have occurred during deployment.

2.2.2. Encapsulation

The spectrometer components (schematically
shown in Fig. 2) are packaged in three separate
pressure vessels capable of withstanding 41 MPa
with a 25 percent safety margin. The probe head is
contained within a 35.5cm long by 14 cm diameter
titanium pressure vessel (Fig. 3) that has a
removable end cap to facilitate the change between
different optical configurations. Each probe head
configuration weighs 18kg including supporting
frame and manipulator handle. High-pressure
tolerant fiber optic cables carry the laser excitation
beam to the probe head, and return the Raman
scattered signals from the probe head to the
spectrometer pressure vessel. The excitation fiber
is 62.5 um diameter; the collection fiber is 100 um
diameter. Signal loss was found to be unacceptably
high in standard optical fiber connectors needed to
penetrate the pressure housings. The cables we are
now using are direct feed-through penetrating
cables. These fiber optic cables are standard,
pressure-tolerant polyurethane jacketed under-
water cables purchased from Falmat, Inc. of San
Marcos, CA. Pressure testing performed at
MBARI found very small pressure effects on the
throughput of the cables.

The electronics (power, telemetry, and laser)
pressure vessel (Fig. 4) is 100 cm long, 25.4cm in
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Program (Grants No. DE-FC26-00NT40929 and
DE-FC03-01ER6305).

Appendix

A vigorous debate over sulfate ion association in
sea water was stimulated by the claim by Kester
and Pytkowicz (1970) that the anomalous sound
absorption due to relaxation of the Mg-H,O0-SO,
pair should increase with depth. This was followed
by a Raman spectroscopic study (Daly et al., 1972)
that purported to support this model. The basis for
this experimental attack is that aqueous MgSO,
solutions of ~0.5M at room temperature show
the strong v, stretching band at 981 Acm ™', and a
weak shoulder on the peak at around 995Acm ™!
resulting from Mg-SO, ionic interaction, which
thus yields a slight asymmetry to the profile. Davis
and Oliver (1973) challenged the work of Daly
et al. (1972), and reported that “it is not possible
to distinguish the two types of solvent separated
ion pairs from each other, or the sulfate in solvent
separated ion pairs from the solvated sulfate ion.”
Further high-pressure work by Chatterjee et al.
(1974) supported the conclusions of Davis and
Oliver (1973). This rebuttal of the claims of Kester
and Pytkowicz (1970) was strongly supported by
Fisher (1978). Recent work (Rull and Sobron,
1994; Frantz et al., 1994) confirms by both
experiment and models that such weak pairing is
reflected only as a shoulder on the principal peak,
and that this is only detectable at high solution
strengths, and at temperatures higher than the
deep ocean. We therefore conclude that the small
fraction (~4%) of Mg-SO, contact ion pairs in
sea water, does not affect our observed signal.
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