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ABSTRACT: This report describes the acquisition of Raman spectra in the laboratory from organic-rich, top-layer sea sediment samples retrieved from 3000+ meter depths in the Monterey Canyon region off of Moss Landing, CA. The Raman response of the samples was recorded using various sampling optics such as a stand-off optic, immersion probe, and several objectives configured with the Raman microprobe microscope. Samples were studied in both their natural, wet state and as dried or wet smears on glass slides. The results showed that for lower-magnification optics, such as the Kaiser stand-off probe, Kaiser immersion probe, and the Kaiser Raman microprobe configured with low-power objectives, the recorded spectra were dominated totally by the luminescence of the sediment sample as stimulated by the 532 nm laser.  Almost no diagnostic Raman peaks could be acquired with these optics. When higher-magnification objectives were used with the Raman microscope accessory, however, diagnostic Raman peaks of inorganic mineral particles could be readily recorded in the sediment samples.  This report documents ways of reducing luminescence emission background while enhancing Raman scattering from sea sediment samples studied in the laboratory.  The results of this study are used to provide some guidance for possible future in situ Raman analysis on the sea floor.

 I.  INTRODUCTION

Raman spectroscopy, in principle, has the potential for identifying minerals in situ. The utility of this technique for studies on the sea floor depends, however, upon the ease with which interpretable Raman spectra can be acquired on real sea floor sediments – especially the top-most layer of sediments, where organic material is potentially at its highest level and thus can cause disturbing fluorescence.  The main goal of this feasibility study is to determine what information can be obtained from a laboratory Raman investigation of untreated, unprocessed sea floor sediments.  In this study, we concentrated upon recording Raman spectra of sediment samples removed from the top layers of organic-rich sediments retrieved from the Monterey Canyon off of Moss Landing, CA. The Raman spectra of these samples as determined using various optical accessories (for laser illumination and signal collection) will be presented, and ways of optimizing the Raman signal from the minerals while minimizing interfering luminescence (mostly from organic components) from the sampling volume will be discussed.

II.  EXPERIMENTAL

Instrumentation. 
Raman spectra were acquired with a  Kaiser  HoloLab Series 5000 System employing both the:

A. Leica microscope as the microprobe accessory capable of delivering up to 12 mW of 532 nm laser power at the sample (exact power selected by analyst), and equipped with the following objectives:

1. 10X air objective (n.a. = 0.25 ),

2. 80X ultra-long working distance (ULWD) air objective (n.a. = 0.75) with a working distance of ~ 5 mm, and

3. 150X  water-immersion objective (n.a. = 1.25) with a working distance <0.200 mm.

B. A Kaiser HoloProbe accessory fitted with either:

1. An immersion probe (i.e., probe tip that can be immersed in liquids) 12 inches long and 0.5 inches in diameter housing an optical element with f/2 (n.a. = 0.25) and 2.5 mm working distance, which delivers up to 45 mW of laser power at the sample,  OR

2. A stand-off optic with f/2 (n.a. = 0.25) and 2.5-inch working distance, which delivers up to 55 mW of 532 nm laser power at the sample. This collection optic is the same as the one that is part of MBARI’s in-situ Raman system, but it is lacks the high-pressure housing and window of the MBARI system.


 The Raman system was routinely calibrated with a Kaiser HCA calibration accessory, which enabled a spectral intensity calibration against a NIST secondary white light source, absolute wavelength calibration using a Ne discharge lamp, and Raman shift calibration using either the 801 Δcm-1 band of a cyclohexane standard or the 520.6 Δcm-1 band of a single-crystal silicon sample. All reported Raman shifts are accurate to within <±0.5 cm-1. 
Sediment Samples. Sea floor sediments were retrieved from the upper sediment layer of the Monterey Bay Canyon floor at ocean depths as great as 3700 m using the MBARI Research vessel Western Flyer. These samples were labeled 

a. T341: C41 and C51 (collected July/Aug 2001). 

b. MBARI V1998, Core 8; 0-2 cm, 2-4 cm, and 4-6 cm.

Samples typically were studied as either wet smears or dried smears on a microscope slide. In one case the compacted sediment sample, totally immersed in water, was studied directly with the Kaiser immersion probe.

III.
RESULTS

A. Raman spectra of sea sediments taken with the HoloProbe attachment and different optics.  Extremely little Raman information was obtained on any sample with the HoloProbe accessory using either the 2.5-inch stand-off optic or the immersion optic.  All recorded spectra were dominated by intense luminescence stimulated by the 532 nm green laser operating at a power of ~50 mW. 

1. The  2.5-inch stand-off optic – Sea sediments show only luminescence emission in the spectral region of interest for Raman spectroscopy, i.e., 100-4000 Δcm-1. The luminescence intensity of wet sample > luminescence intensity of dried sample (see Figure 1). 

2. The f/2  immersion probe – As above, nothing but luminescence was observed.  Note that this probe was tested both in its intended mode (fully immersed in solution) and as a dry objective. Relative luminescence intensities generally were in the order:  wet sample directly in water > wet sample smear under cover glass >  dry sample smear under cover glass (see Figure 2). 

When the HoloProbe optics were used, many samples showed a broad, weak band at about 1350 Δ cm-1 and a slightly narrower band near 1600 Δ cm-1 (not seen in Figs. 1 and 2, but visible in Fig. 4). These are the Raman bands of amorphous carbon and arise from the organic constituents in the sediment.  In samples analyzed with the water-immersion objective, one also may see a broad, weak band centered at about 3600 Δ cm-1, which is the OH stretching region of water.   

B. Raman spectra of sea sediments taken with the Raman microprobe (10 X, 80X, and 150X objectives).

1. Raman analyses of dried sediment samples observed through a 10X objective on the Raman microprobe give, for the most part, uninformative luminescence spectra (see Figure 3).  One of the few exceptions appears in Figure 3, the Raman spectrum of quartz (α – SiO2) from the “2 – 4 cm” depth sample.  This spectrum shows very little fluorescence background, which confirms the relatively large size of this particle of non-fluorescent quartz.

2. The use of an 80X ULWD objective has the advantage of delivering greater laser power density to the sample, which enhances Raman scattering intensity while simultaneously saturating the luminescence background.  The Raman signal therefore can be increased while keeping the luminescence background constant.  In addition, increased power density enhances photo-oxidation of the fluorescing species (with sample in air), further reducing background luminescence. Finally, the 80X objective is of high enough magnification to permit singling out of individual mineral grains for analysis.  All these factors combine to yield in many (if not most) instances diagnostic Raman lines of  individual mineral grains in the sea sediment. A typical example is the Raman spectrum of a single colorless particle (microcline feldspar) observed in V1998, Core 8, 4-6 cm (Figure 4).

3. Efficiency of water-immersion lens vs. dry lens (80X dry vs. 150X water immersion): One advantage of using the higher-magnification 150X water-immersion lens is that higher spatial resolution is obtained, allowing greater precision in pinpointing small, individual particles for analysis. In addition, the increase in the magnification and numerical aperture of the objective further increases the laser power density at the sample.  As explained above, this effect enhances the Raman scattering from the particle while simultaneously saturating the luminescence, which effectively caps the background signal. As a water-immersion lens, however, this objective has two drawbacks:

a. The working distance of the objective is very small (<200 µm), thus limiting the analysis to near-surface grains in a sample.

b. Weak Raman lines of water may be observed in the Raman spectrum of the particle under analysis, but they do not interfere with the interpretation of a particle’s Raman spectrum.  Figure 5 is the Raman spectrum of an albite (Na feldspar) particle taken with the 150X water-immersion objective. Note that even though the sample is immersed in water, the Raman bands of the water matrix are almost nonexistent in the spectrum of the particle, because the working distance of the lens is so small.

Functionally either the 80X ultra-long-working-distance  (ULWD) objective or the 150X water-immersion (WI) objective may be used with success in analyzing the particles of sea sediments. 

IV. DISCUSSION


When lower-magnification, hand-held Raman probes or objectives such as the 2.5-inch stand-off probe, or the immersion probe, or a 10X microscope objective are used to record the Raman spectrum of these organic-rich, top-layer sea floor sediments, the spectrum is dominated by the luminescence of the sample. Little, if any, Raman signal is sufficiently strong to be recognized and interpreted above the luminescence background.  Apparently, the major volume fraction of these sediment samples is highly photoluminescent organic material, whereas a much smaller volume fraction is represented by non-fluorescent mineral particles.  The lower-magnification, lower numerical-aperture objectives and probes used in this study produce a sample-irradiation volume that is much larger than an individual mineral particle.  Thus, a significant volume fraction of organic material is irradiated during an analysis, which typically produces an overwhelming background luminescence. 

The luminescence signal of the dried sample is less intense than that of the wet sample.  This luminescence reduction in samples exposed to open air (oxygen) may occur because the laser beam can photo-oxidize and/or thermally destroy the luminescent organic species. This luminescence-reduction process is not available in “water immersed” samples from which oxygen has been excluded by the water. 

 
The intensity of the Raman signal relative to the photoluminescence background improves significantly when higher-magnification objectives are employed for investigating the sea sediment samples; this reduction in photoluminescence leads to a higher signal:noise ratio in the Raman spectrum.  In spite of their short working distances (5 mm for the 80X ultra-long-work-distance objective and < 200µm for the 150X immersion objective), these higher-magnification objectives have a number of positive characteristics for the acquisition of Raman spectra from luminescent samples -- namely:

A. Increased laser power density in the sampling volume greatly enhances photo-oxidative/thermal destruction of the luminescent species in the sample, thus reducing the background in the Raman spectrum.

B. Increased laser power densities favor Raman scattering over luminescence emission in that the Raman response continues to increase with increasing laser power density, while luminescence can saturate and reach a constant level.

C. The increased magnification permits one to spatially select single particles for analysis, thereby favoring the collection of Raman signal from non-luminescent mineral particles while minimizing or excluding the non-descript luminescence from adjacent organic particles. 

V. CONCLUSIONS

We have found that ex situ study of sea floor sediment samples with the Raman microprobe employing high-magnification objectives is very useful for identifying the various mineral particles in the sea sediment.  Part II of this report will provide details on the Raman spectra of sea sediment mineral particles and their identification and distribution in selected sediment samples. 


Actual in situ Raman analysis of sea floor sediments, however, is anticipated to be difficult.  The present study shows that the use of lower-magnification objectives in Raman probes (such as the stand-off optic in the MBARI in situ Raman system) likely will provide little useful information on the nature of the sea sediment using the current HoloProbe instrumentation.  There appear to be two types of possible solutions:  different optics and different lasers.  

It will be difficult to purchase optics that fulfill the needs of in situ sediment analysis on the sea floor.  The use of very high-magnification objectives unfortunately is precluded, for instance, because their short working distances make them unfeasible for use behind thick, pressure-resistant windows.  Such high-magnification, high numerical-aperture objectives also have a very narrow focal plane and a very small beam diameter, both of which would make them extremely sensitive to XYZ positioning by the ROV’s arm.  It is possible that an objective of intermediate magnification, high numerical aperture, and very long-working distance might be useful for the deep sea application.  However, we currently are unaware of such a lens.


It appears that, for the foreseeable future, in situ investigations of (inherently luminescent) sea floor samples will be limited to lower-magnification optics on the sample probe head.  Acquisition of useful spectra therefore will require enhancement of the Raman signal of the sample relative to the luminescence background.  One approach to this luminescence problem, which has been used by a number of investigators in laboratory studies, is to lower the energy of excitation by lengthening the wavelength of the laser to 785 nm or even 1024 nm, using solid-state lasers.  Although these lower-energy lasers do yield much lower photoluminescent backgrounds, they have two serious drawbacks.  First, the efficiency of the Raman scattering is proportional to 1/λ4, so switching from a 532 nm to a 785 nm will reduce the Raman band intensities by a factor of approximately 5. In addition, commercially available CCD cameras have very poor sensitivities in the region >3000 Δcm-1 to the long-wavelength side of the 785 nm laser line (3000 Δcm-1 from 785 nm is 1027 nm). Thus, valuable information on Raman bands involving alkane CH and OH stretching frequencies will be lost if these long-wavelength excitation lines are used. These two disadvantages of deep red lasers would probably negate any benefit gained through reduction in the luminescence background. 


There are, however, two possible approaches to reducing sample luminescence while still using the more efficient 532 nm green laser and its sensitive CCD camera. The first is to use a higher-power, pulsed laser beam, which would significantly enhance the Raman signal over the photo-saturated luminescence background.  The second approach, often combined with the first, is to do time-discrimination by electronic gating to capture the rapid-response (picosecond) Raman signal while discriminating (time-gating) against the slower build-up (nanosecond) of photoluminescence of the sample.  There are numerous articles in the literature on the successful development and application of such time-gated, pulsed laser Raman systems.  Their construction and subsequent operation at depth on an ROV, however, would provide a major challenge.
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