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Introduction

A team of scientists and engineers at MBARI have developed a sea-going laser Raman spectrometer.  DORISS (Deep Ocean Raman In Situ Spectrometer) is a laboratory model laser Raman spectrometer from Kaiser Optical Systems that has been modified for in situ operations in the deep ocean up to 4000 m depth (Figure 1A) (Brewer et al., 2004; Pasteris et al., 2004).   We have deployed the DORISS system a number of times in Monterey Bay and in the Gulf of California for testing, to conduct experiments in gas dissolution (White et al., in press), and to analyze natural gas venting from the seafloor (White et al., 2003).  In July 2004, DORISS was deployed using the ROV Tiburon at hydrothermal vents in the Sea Cliff Hydrothermal Field on Gorda Ridge.  This was the first time in situ Raman measurements have been attempted at hydrothermal vents.  Raman spectra were obtained from high-temperature hydrothermal fluids, minerals such as anhydrite and barite, and bacterial mats.  

Raman spectroscopy is a type of vibrational spectroscopy in which a target is excited by monochromatic laser light and the inelastically scattered light provides information about the composition and structure of the target.  Because Raman spectroscopy requires little to no sample preparation, and can be used to analyze solids, liquids, and gases, it has the potential to be a powerful technique for in situ geochemical measurements in the deep ocean.  A number of targets in hydrothermal vent environments are Raman active.  These include gases dissolved in hydrothermal fluids, such as CO2, CH4 and H2S.  Hydrothermal minerals such as anhydrite, barite, sphalerite, chalcopyrite, etc. are Raman active (Pasteris, 1998; Wang et al., 2003).    Raman spectroscopy has also been used in the laboratory to analyze elemental sulfur produced by deep sea bacteria such as Thioploca and Beggiatoa (Pasteris et al., 2001).  

Analyzing opaque targets such as rocks poses more of a challenge than transparent targets due to the stringent positioning requirements of the DORISS probe head.  The focal depth of the probe head is on the order of 0.1-3 mm depending on the sampling optics.  Thus, the probe head must be positioned with a precision of ~0.1 mm to be able to obtain Raman spectra from opaque targets.  For this reason, we developed and built the Precision Underwater Positioner (PUP) (Kirkwood et al., 2003).  PUP (Figure 1B) consists of a tripod frame and three actuators providing 3 degrees of movement – Z axis (15 cm up-and-down), R-axis (15 cm in-and-out), and theta axis (58° rotation about the Z axis).  A camera, light, and red lasers that cross at the DORISS focal point assist the shipboard scientist in positioning the probe head.  

Sea Cliff Hydrothermal Site

The Sea Cliff Hydrothermal Field is located on the northern end of the Gorda Ridge, an intermediate rate (~55 mm/yr) spreading segment in the northeastern Pacific Ocean.  Hydrothermal activity is located approximately 2.6 km east of the spreading axis at a depth of 2675-2800 m (~300 m above the axial valley floor).  The site was first identified by water column anomalies in 1986 (Baker et al., 1987), and first visited by the U.S. Navy submersible DSV Sea Cliff in 1988 (Rona et al., 1990).  Active venting is concentrated along ridges which trend perpendicular to the slope of the eastern axial valley wall (022°).  The chimneys formed along these ridges are primarily composed of anhydrite and smectite with minor sulfide phases.  The seafloor in the area is covered with a hydrothermal crust which consists of altered basalt, barite, amorphous silica, and sulfides (Zierenberg et al., 1995).  Large areas of the vent field between the chimney ridges are covered with a blue mat-like foliculind ciliate (Clague et al., 2001).  The vent fluids were essentially clear with temperatures up to ~300°C.  The fluids have been found to be low chlorinity, low in metals, with a slightly elevated pH (Von Damm et al., 2004).  Vent fluid samples collected during the 2004 dives were analyzed and found to be the same as those sampled in 2000 and 2002 (Von Damm, pers. Comm.).

Hydrothermal Fluid Raman Spectra

The primary purpose of our expedition to Gorda Ridge was to use Raman spectroscopy to detect the various constituents of hydrothermal vent fluid in situ.  High temperature vent fluid was analyzed on two dives.  On the first dive, a non-contact optic was used behind a dome window which was not in contact with the hydrothermal fluid; thus some ambient seawater was in the optical path.  The focal point was positioned inside the volume of exiting fluid using the ROV manipulator.  On the second dive, the immersion optic was used protruding into an open-bottomed box (Figure 2).  The box was held over the vent to collect the buoyant hydrothermal fluid.  In this case the optic window was immersed in the vent fluid.

The Raman spectrum of seawater is well-known and is composed of bands due to the bending (~1640 cm-1 band) and stretching (~3000-3800 cm-1 region) of the water molecule, and a peak at ~981 cm-1 due to the sulfate ion.  Data in the literature have shown that the stretching bands of the water molecule are affected by both temperature and pressure.  

We obtained a number of spectra of vent fluid using the two configurations mentioned above.  In all cases we observed changes in the region of the O-H stretching modes of water due to the elevated temperature of the hydrothermal fluid.  The ratio of the areas of the 22 band to the 1 band decrease as water temperature increases.  Figure 3A compares the spectrum of ~2°C ambient seawater to that of ~294°C vent fluid.   Note that this spectrum was collected using the non-contact optic, and thus the spectrum is a combination of the vent fluid being analyzed and ambient seawater in the optical path.  

When using the immersion optic configuration (Figure 3B) we found that the intensity of the Raman spectra decreased over time.  This was due to the fact that the sapphire pressure window of the optic was immersed in the vent fluid and a light sulfide coating built up on the window.  Although the fluid was ~294°C as it exited the chimney orifice, it was reduced to ~50-100°C in the box (as measured by a thermocouple in the top of the box) due to entrainment of ambient seawater.  The change in the shape of the water stretching bands is more pronounced than in Figure 3A since no ambient seawater was in the optical path.  For ambient seawater at 2627 m depth, the ratio of the areas of the 22 band to the  1 band is ~0.75.  For hydrothermal fluid at ~100°C the ratio was ~0.30.  The other major observation was the decrease in or lack of a signal from the sulfate ion since vent fluid is stripped of sulfate in the subseafloor.  

Based on previous fluid analyses, the following gas concentrations were expected: CO2 ~16 mmol/kg, CH4 ~0.05 mmol/kg, H2S ~0.06 mmol/kg.  We were unable to detect peaks characteristic of CO2, CH4, or H2S.  This was due to instrument sensitivity, and the difficulty in keeping the immersion optic window free from sulfide coatings.  

Mineral Raman Spectra

PUP was used to position the DORISS probe head at rock samples on the seafloor (Figure 4).  In some cases, chimney material was broken off onto the ROV porch and analyzed there.  Two minerals were primarily observed with the DORISS instrument: anhydrite and barite.  When analyzing hydrothermal crusts and rubble in the vent field we detected barite (BaSO4).  This mineral was mostly found as thin rinds or veins around darker material which exhibited significant fluorescence.  Further analysis of the crust material will begin soon.  The chimneys in the Sea Cliff field are primarily anhydrite (CaSO4).  Anhydrite is stable at temperatures above ~130°C (Haymon and Kastner, 1981) but is soluble in cold seawater.  Thus anhydrite was not observed away from the high-temperature venting.  There are two other common calcium sulfate minerals: bassanite (CaSO4 • ½( H2O)) and gypsum (CaSO4 • 2(H2O)). These three calcium sulfate species can be distinguished by their Raman spectra.  The peak positions and peak intensities of the Sea Cliff sample correspond well to anhydrite, and are clearly different from gypsum and bassanite by amounts greater than instrument error (Figure 5).

Raman Spectra of Bacterial Mats

Bacterial mat spectra were obtained at both the Sea Cliff Hydrothermal Field, and nearby Hydrate Ridge, Oregon.  Previous laboratory studies of bacterial mat using Raman spectroscopy showed that the bacteria produced elemental sulfur in an S8 morphology (Pasteris et al., 2001).  In situ spectra collected from Gorda Ridge and Hydrate Ridge both correspond well to S8 elemental sulfur (Figure 6).  The spectrum from Hydrate Ridge was collected using PUP to focus DORISS on seafloor bacterial mat.  The spectrum from Gorda Ridge was serendipitously collected while trying to collect spectra from a chimney.  

Conclusions

While in situ Raman spectroscopy is proving to be a valuable geochemical tool, operational and technical challenges still remain.   A new second-generation DORISS is being developed with increased sensitivity, and in a smaller, lighter package for deployment on other deep submergence vehicles.  Improved methods are also being developed to obtain higher quality spectra of hydrothermal fluids and minerals in situ. 
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Figure 1.  (A) The DORISS instrument is Kaiser Optical Systems laser Raman spectrometer modified for deep ocean use and divided into three 4000 m-rated pressure housings.  (B) The Precision Underwater Positioner (PUP) is used to position the DORISS probe head (mounted at left) with a precision of ~0.1 mm.





Figure 2.  The probe head is used with an immersion sampling optic in an open-bottomed box to collect buoyant vent fluid for analysis.

(A)[image: image3.png]Normalized Intensity

Background Seawater
~2°C
(2726 m depth)
~294°C Vent Fluid
(2726 m depth)

U | | | | U | | |
2600 2800 3000 3200 3400 3600 3800 4000 4200
Raman Shift (Acm™)



 (B)[image: image4.png]Relative Intensity

Collected w/ DORISS Immersion Optic

Vent Fluid ~100°C

e T e e = ——rm

OH Stretching region

With time

T T
2600 2800 3000 3200

Raman Shift (Acm™)

T
3400

T
3600

T
3800





Figure 3.  (A) The Raman spectra of ambient seawater (blue) and 294°C vent fluid (red) acquired using the non-contact optic.  Note that the vent fluid spectrum has components from both the 294°C fluid and seawater which is in the optical path.  (B) The Raman spectra of vent fluid acquired using the immersion optic.  Buoyant vent fluid was collected in an open-bottomed box.  A thermocouple at the top of the box indicated that the fluid temperature had decreased to ~100°C.  The decrease in the Raman signal over time is due to the build-up of a sulfide coating on the immersion optic pressure window.
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Figure 4.  PUP is used to position the DORISS probe head on a rock sample.  The green laser spot can be see on the upper right of the rock.
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Figure 5.  The Raman spectrum from a Sea Cliff chimney sample is compared to reference spectra of calcium sulfate minerals anhydrite, gypsum, and bassanite.  The peak positions (dashed lines) and peak intensities correspond well to anhydrite.

[image: image7.png]ch N
| 2) ‘;‘\‘5 Elemental Sulfur - S8

¢ Bacterial mat (S. Hydrate Ridge)
: b/‘\‘lx 770 m depth

Chimney piece (SeaCliff Field)
2720 m depth

! . ! ' l ! !
200 300 400 500 600
Raman Shift (Acm™)



   

Figure 6.  The reference Raman spectrum of elemental sulfur in an S8 morphology is compared to spectra collected of bacterial mats at South Hydrate Ridge and the Sea Cliff Hydrothermal Field.  

