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ABSTRACT: 
The past year has been one of continued high productivity and technical innovation for 
research conducted under support of this contract. We report here on the successful 
completion of development of a deep-ocean laser Raman spectrometer, and the use of this 
novel system for direct in situ measurement of the dissolution rate of CO2 from a N2/CO2 
gas mixture at 300m ocean depth. We have carried out the deepest ever ocean CO2 
injection experiment at 3960m depth, and have observed the behavior of the plume of 
low pH/high CO2 water emanating from this source. This was made possible by the 
design, construction, and operation of a novel flume to contain the liquid CO2 and to 
force flow in a controlled manner over the liquid CO2 surface. In carrying out this 
experiment we observed for the first time the extraordinarily rapid hydration kinetics of 
CO2 with water at high pressure. This initial observation was later confirmed in a 
carefully controlled series of acid and CO2 injection studies at varying depths. In carrying 
out this research we are aware of the environmental concerns, and we have been in the 
forefront of identifying the challenges resulting from the far greater quantities of CO2 
being passively absorbed from the atmosphere. This quantity now is approximately 1 
million metric tons CO2 per hour, and reasonable projections for the 21st century project 
ocean pH changes of 0.3 or more by mid-century. The PIs have played a key role in 
organizing a major international meeting on this topic, and on reporting the results. We 
are now engaged in developing the novel techniques required to investigate this problem. 
 



TABLE OF CONTENTS 
 
 

Introduction  
 
Executive Summary 
 
Experimental 
 
Results and Discussion 
 
Conclusion 
 
References and Bibliography  
 
Appendix I: First results from a controlled deep-sea CO2 perturbation 
experiment: Evidence for rapid equilibration of the oceanic CO2 system at depth 
 
Appendix II: First Attempts at Direct Raman Detection of the Oceanic Carbonate 
System 
 
Appendix III: Determination of gas bubble fractionation rates in the deep ocean 
by laser Raman spectroscopy 
 
Appendix IV: Development of a laser Raman spectrometer for deep-ocean 
science  
 
Appendix V: Raman Spectroscopy in the Deep Ocean: Successes and Challenges 
 
Appendix VI: 2004 ICES Annual Science Conference: Beyond Climate: The 
Emerging Science of a Low pH-High CO2 Ocean  
 
Appendix VII: Initial results from a 4 km ocean CO2 release experiment 
 
 
 
 
 
 
 

 
 
 
 



 
 
INTRODUCTION 
The primary mechanism preventing very fast accumulation of CO2 in the atmosphere is 
ocean absorption through the sea surface. This absorption, driven by the accumulated 
mean pCO2 difference between air and sea, now proceeds at a rate of about 1 million 
metric tons CO2 per hour. Thus ocean passive “disposal” of fossil fuel CO2 is the primary 
greenhouse gas control technique used by all nations at all times, and the accumulated 
oceanic fossil fuel burden is now ≅ 500 billion tons CO2. In the few years that CO2 is 
resident in the atmosphere it affects the planetary radiation balance and contributes to 
global warming. Thus some 25 years ago it was first suggested that direct injection of 
CO2 into the deep ocean, thus bypassing the atmospheric disposal step with its attendant 
global warming, would be a useful greenhouse gas control technology. We have 
investigated this process in a series of studies carried out in part through the support of 
this award. These have involved creation of advanced experimental techniques for 
injection of CO2 into the deep ocean, the measurement of the fate and behavior of the 
injected liquid, the formation and dissolution of a solid hydrate, and the environmental 
consequences of both direct and indirect CO2 injection into the ocean. 



 
EXECUTIVE SUMMARY 
In this report we detail research carried out in the period October 1, 2003 through 
September 30, 2004. The primary body of work is contained in the formal publications 
attached as Appendices to this report. In brief we have: 

1. Carried out an experiment at 3960m depth in which liquid CO2 was contained in a 
specially designed flume, and sea water flow was forced across the surface at 
varying velocities. This created a plume of low pH/high CO2 water, and sensing 
of this by a combination of pH and conductivity sensors revealed the existence of 
non-equilibrium conditions in the plume. 

2. The rate at which equilibrium was achieved in the sea water/CO2 system was 
further explored in series of carefully controlled acid and CO2 injection 
experiments at several depths. A strong positive effect of pressure on the 
hydration reaction rate was identified. 

3. We have published our work on development of a laser Raman spectrometer for 
deep ocean work, and we have used this tool to measure directly the dissolution 
rate of gaseous CO2 in sea water at depth. 

4. We have further developed the Raman technique by improving sensitivity by 
about a factor of 10, with the goal of eventual direct detection of the ocean CO2 
system without use of glass electrodes or thermodynamic constants. 

5. We have been active in informing the greater scientific community of our work, 
including playing a leading role in a major international meeting (Paris, May 
2004) on “The Ocean in a High CO2 World”, and delivering the prestigious 
“Open Lecture” to the International Council for the Exploration of the Sea (ICES) 
in Vigo, Spain in September, 2004. 

 
EXPERIMENTAL 
The experimental techniques we have devised are numerous, and cannot easily be broken 
out in a separate section. They are described in detail in the papers in the Appendices to 
this report. 
RESULTS AND DISCUSSION 
Each of the papers presented here contains a “Results and Discussion” section. All are 
directly related to the theme of both active and passive ocean CO2 disposal, the 
techniques, knowledge, and environmental consequences. 
CONCLUSION 
Each of the papers attached here contains the conclusions reached from the work reported. 
REFERENCES & BIBLIOGRAPHY 
Each of the papers attached here contains a full set of references. 
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Abstract 
 A new deep-sea laser Raman spectrometer (DORISS – Deep Ocean Raman In 

Situ Spectrometer) is used to observe the preferential dissolution of CO2 into 

seawater from a CO2-N2 gas mixture in a set of experiments that test a proposed 

method of CO2 sequestration in the deep ocean. We describe here experiments in 

which a 50%-50% CO2-N2 gas mixture is exposed to seawater at 300 m depth 

and the changing gas concentration is observed in situ  with a laser Raman 

spectrometer.  By observing the changing ratios of the CO2 and N2 Raman bands 

we are able to determine the gas flux and the mass transfer coefficient at 300 m 

depth and compare them to theoretical calculations for air-sea gas exchange. 

 In a first set of experiments performed in August 2002, an open-bottomed 10 

x 10 x 10 cm cube was used to contain the gas mixture; and in a second set of 

experiments in October a 2.5 cm3 funnel was used to hold a bubble of the gas 

mixture in front of the sampling optic.  Although each experiment had a 

different configuration, comparable results were obtained.  As expected, the 

ratio of CO2 to N2 drops off at an exponential rate (~e-0 .0 55 t)  as CO2 is 

preferentially dissolved in seawater.  In fitting the data with theoretical gas flux 

calculations, the boundary layer thickness was determined to be ~42 µm for the 

gas cube, and ~165 µm for the gas funnel reflecting different boundary layer 

turbulence.  The mass transfer coefficients for CO2 are kL  = 2.82 x 10- 5 m/s for 

the gas cube experiment, and kL  = 7.98 x 10-6 m/s for the gas funnel experiment.   

 
Keywords: Instruments; Carbon Dioxide; Gas Flux; Chemical Sensor 
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1. Introduction 

 We have carried out novel experiments to determine in situ the dissolution 

rate of gas mixtures injected into the deep ocean. Our purpose was to test  under 

field conditions a proposal for ocean CO2 sequestration without prior CO2 

capture (Kajishima et al. ,  1997; Saito et al. ,  2000) based upon the marked 

difference in solubilities of CO2 (Aya et al. ,  1997; Haugan and Drange, 1992) 

and N2 (Wiebe et al . ,  1933) gases in cold sea water at high pressure. 

Additionally we sought to advance the use of newly developed Raman 

spectrometric techniques (Brewer et al. ,  2004; Pasteris et al. ,  2004) for deep-sea 

geochemical studies.  Laser Raman spectroscopy is useful for both chemical 

identification and for observations of the rate of change of gas composition with 

time. The dissolution behavior of gas bubbles is of fundamental interest to 

ocean scientists for reasons as diverse as their role in air-sea gas exchange 

(Keeling, 1993), to the fate of gases vented from the deep ocean floor (Massoth 

et al . ,  1989; Merewether et  al. ,  1985; Rehder et al. ,  2002). 

 For any CO2 sequestration procedure the cost and complexity of CO2 capture 

from the combustion stream dominates the economic equation (U.S. Department 

of Energy, 1999). Thus, ocean injection of a N2-CO2 mixture at relatively 

shallow depth, combined with piped transfer of the dense CO2 rich sea water 

formed to great ocean depth, and release of the excess N2 gas has been proposed 

(Saito et al. ,  2000). The trade off is the increased cost of pressurization of the 

N2 gas, and thus the use of an enriched CO2 stream is preferable. For this 

reason, we selected a 50%-50% CO2-N2 gas mixture for our study. These ocean 
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gas injection schemes rely on a rising bubble stream to provide the surface area 

required for rapid dissolution. We have developed techniques for direct visual 

observation of rising bubble (Rehder et al. ,  2002) and droplet (Brewer et al. ,  

2002b) streams in the ocean, but adopt here spectrometric analysis of a small 

gas volume exposed to the open ocean but held at fixed depth, temperature, and 

pressure for the duration of the experiment.  

 Raman spectrometry has seen litt le use as a tool by ocean scientists,  but it  

offers the potential of rapid, non-destructive analysis of solids, l iquids, and 

gases and recent technical developments (Brewer et al. ,  2004; Pasteris et al. ,  

2004) have enabled its use in the deep sea. The complexity of the typical optical 

path has in the past rendered Raman most useful as a chemical identification 

tool rather than for quantitative analysis.   However, relative concentrations of 

gas mixtures can readily be determined by measuring peak area ratios in the 

spectra, and there exists substantial opportunity for quantitative work where 

effective calibration protocols are possible (Sum et al. ,  1997; Wopenka and 

Pasteris,  1987).  Here we take advantage of the rapidity and specificity of the 

Raman ratio technique and directly observe in situ  the changing composition of 

a CO2-N2 gas mixture with time during two cruises in August and October of 

2002. 
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2. Methods 

2.1. Raman Scattering 

 Raman scattering is the inelastic, molecular scattering of monochromatic 

radiation.  An incident photon exchanges energy with the target molecule and is 

scattered with lower or higher energy – Stokes and anti-Stokes scattering, 

respectively (Figure 1).  The observed energy shift  of the scattered radiation is 

equal to the change in vibrational energy of the molecule, and is not dependent 

on the frequency of the exciting radiation.  Although both IR and Raman are 

types of vibrational spectroscopy, the selection rules are quite different.  

Whether or not a molecule is Raman-active is dependent on the polarizability of 

the molecule.  One of the big advantages of Raman spectroscopy is that it  is 

capable of analyzing solids, liquids, and gases.  It  is rapid and requires little to 

no sample preparation, and is (generally) non-destructive.  A fuller discussion 

of the theory behind Raman scattering can be found in Ferraro, et al.  (2003), 

Nakamoto (1997), and references therein. 

 The intensity of Raman scattering is dependent upon a number of parameters 

and can be written in simple form as: 

  ( ) CPII LR ⋅= ση  (1) 

where IR  is the measured Raman intensity, IL  is the laser intensity, σ  is  the 

Raman cross-section or efficiency, η  includes instrument parameters such as 

optical transmission and collection efficiency, P  is the sample path length, and 

C  is the concentration (Pelletier,  1999).  The Raman cross-section differs for 
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different molecules and different phases.  Additionally, Raman intensity is 

affected by the optical path; therefore peak heights or areas cannot necessarily 

be compared directly from one measurement to the next.   However, peak ratio 

techniques, which are independent of optical path, exposure time, and other 

experimental factors, may be used to determine relative concentrations. 

 We use the ratio method of Wopenka & Pasteris (1987) in a manner similar 

to Sum et al.  (1997) for a two-component system to obtain an expression 

relating the concentration Ci  of species A  and B  to the measured Raman band 

areas (Ai),  Raman cross sections (σ i),  and the instrumental factors (η i) by 
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where Fi  is defined as the “Raman quantification factor.”  This yields an 

expression similar to Beer’s Law, widely used in spectrophotometric procedures. 

In a similar manner, since the fundamental measurement of the molar 

absorptivities etc. is difficult,  Beer’s Law is usually applied by constructing a 

calibration curve.  In this case the practical protocols for in situ  calibration are 

still  evolving, and we use here a single internal reference standard.  Sum et al.  

(1997) have shown that CH4-CO2 gas mixtures measured by Raman spectroscopy 

have a linear calibration curve, and thus although it  was not possible to 

introduce a number of contained known gas mixtures to the probe to provide a 

direct gas based calibration, we assume that the less complex N2-CO2 mixture 

also yields a l inear response. 
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2.2. Instrumentation 

 Direct measurements of the CO2-N2 gas ratio were obtained with MBARI’s in 

situ  laser Raman spectrometer system called DORISS (Deep Ocean Raman In 

Situ Spectrometer).  This sea-going instrument is based on a laboratory model 

laser Raman spectrometer (LRS) from Kaiser Optical Systems and consists of a 

532 nm Nd:YAG laser, a holographically filtered probe head, a holographic 

duplex grating, and a 512x2048 front illuminated CCD camera from Andor 

Technology.  The spectral range of DORISS is 100-4400 ∆cm- 1.  The duplex 

grating splits the spectrum into two stripes on the face of the CCD chip 

providing a mapping of ~1 cm- 1 per pixel.   The resolution at the time of the 

deployment was ~7 cm- 1.  

 The instrument is packaged in three pressure housings connected by copper 

and fiber optic cables for use in the ocean to depths as great as 4000 m (Brewer 

et al . ,  2004).  The immersion sampling optic used for this experiment has an f/2 

lens at the end of a 10 inch-long metal tube with a sapphire window rated to 

3000 psi.   The working distance of the immersion optic is 4 mm in air,  7 mm in 

water.   The spectrometer was calibrated in the lab prior to deployment.  A neon 

source was used for wavelength calibration and a calibrated tungsten lamp was 

used for intensity calibration.  The laser wavelength was checked by looking at 

the position of the 801 ∆cm- 1 Raman line of cyclohexane (Tedesco and Davis, 

1999). The wavelength calibration of the spectrometer can be affected by 

changes in temperature (DORISS experienced a temperature drop of ~7°C during 

the deployment).  Therefore, a diamond plate was placed in the beam path of the 
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laser inside the probe head as a reference standard (Brewer et al. ,  2004; Zheng 

et al. ,  2001).  The 1332 ∆cm- 1 diamond Raman line is thus superimposed on all  

collected spectra as a calibration check.  

 During the time of the deployments discussed here, the instrument was sti ll  

under development and some components were changed.  These components 

include an X-Y-Z stage (referred to as a laser injector) used to couple the laser 

to the 62.5 µm excitation fiber.  The injector provided by the vendor was 

replaced by a more robust custom built  injector which assured higher laser 

power output and greater stability.  Additionally, the slit  alignment mechanism 

in the spectrometer was replaced with a motorized stage.  The original slit  

alignment mechanism was designed to be operated manually with a thumb 

wheel.  Thus, when the spectrometer was sealed in its pressure housing, the slit  

could not be aligned.  Before the motorized stage was installed, no slit  was 

used.  Thus the effective slit  width was 100 µm (the size of the collection fiber).   

After the motorized stage was installed, a 50 µm slit  was used.  Lastly, the 

diamond chip in the probe head was repositioned between deployments to reduce 

extraneous scattering off the edges of the chip.   

 An important characteristic of a new instrument is its detection limit.     

During the development of the DORISS instrument, changes in configuration 

have caused changes in sensitivity (and hence detection limit) from one 

experiment to another.  However, based on our August data, we can make some 

assumptions regarding the detection limit of the instrument.  It  should be noted 

that this is most likely a conservative estimate as improvements to the system 
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which increase sensitivity and decrease noise are currently being implemented.  

Additionally, the detection limit is dependent upon the Raman efficiency of the 

target which varies from one molecule to another.  Table 1 shows the signal to 

noise ratio for the CO2 and N2 bands from the August data.  The duplex grating 

used in the spectrometer, divides the spectral region into two stripes – a “high 

lambda” stripe (~0-2400 ∆cm- 1) and a “low lambda” stripe (~2200-4400 ∆cm- 1).   

The N2 band is observed on the “high lambda” stripe which has less noise.  

Assuming that a signal-to-noise ratio of 3 is required, DORISS is capable of 

detecting concentrations as low as 2.4 mol% for CO2 and 2.3 mol% for N2 in 

this configuration. 

Table 1  

Estimates of DORISS detection limits for gaseous CO2 and N2 at 30.86 atm 

 Band area 
(counts) 

RMS 
Noise 

Signal-to-
Noise 

Limit of 
Detection  

(S/N = 3)  

Limit of 
Quantification  

(S/N = 10)  

CO2      
 2917 47 ~60 2.4 mol% 8.1 mol% 

N2      
 1965 30 ~65 2.3 mol% 7.6 mol% 

 

2.3. Raman spectra analysis 

 The spectral data were analyzed using GRAMS/AI data processing software 

(from ThermoGalactic).   Nitrogen has a single Raman peak at 2332 ∆cm- 1.   

Carbon dioxide is characterized by the Fermi diad: peaks at ~1285 ∆cm- 1 from 

the bending mode (2ν2) and at ~1388 ∆cm- 1 from the symmetric stretch mode 

(ν1).   The peak position (i.e. ,  Raman shift),  height and area were determined 
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using the GRAMS/AI peak fitt ing routine.  When identifying peaks, the same 

wavenumber regions were analyzed for all  spectra, and baseline values were 

determined by the peak fitting routine for those regions.  As noted above, since 

Raman intensity is affected by the optical path, peak areas cannot be compared 

directly from one experiment to the next (i .e. ,  data from the August experiment 

cannot be directly compared to the October experiment due to changes in the 

optical path and configuration of the instrument).   Therefore, we examined  

ratios of the CO2 to N2 peak areas which are independent of exposure time, 

optical path, and instrument configuration. 

3. Field Experiments 

 DORISS was deployed in Monterey Bay using MBARI’s remotely operated 

vehicle (ROV) Ventana (Figure 2).  The ROV Ventana provides power and 

communications to DORISS, and is controlled by pilots and scientists aboard the 

support ship, the R/V Point Lobos, through a ~2 km-long tether.  Measurements 

of the gas mixture were made at depths of 100-400 m (well above the seafloor at 

that location).  The ROV’s external HID lights were turned off during 

acquisition of spectra.  These lights produce strong peaks across the spectral 

region of the DORISS instrument. 

 This paper will focus on data collected at 300 m during two dive series.  The 

ambient seawater temperature at that depth was 7.9°C, and the pressure was 

~300 dbar.  At this temperature and pressure pure CO2 is a gas and is clearly 

outside of the hydrate stabili ty field (Figure 3a).  However, for this experiment 

we used a 50-50 (mole %) mixture of CO2 and nitrogen; for this mixture the 
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phase boundaries are dramatically shifted due to CO2-N2 interactions.  A liquid 

phase will  not form under any PT conditions encountered in Monterey Bay, nor 

will CO2 clathrate hydrate form under the conditions of the experiment (Figure 

3b); we calculated the physical properties using MultiFlash 3.2 (Infochem, Inc., 

London). 

 A 50-50 (mole %) mixture of carbon dioxide and nitrogen was prepared by 

first fill ing an evacuated SCUBA tank to 800 psia with commercial grade CO2 at 

ambient temperature (21.9°C) and then filling with UHP nitrogen gas to 1600 

psia.  This second step was done in two parts by allowing the cylinder to cool to 

ambient temperature overnight between fillings.  We estimate that the 

composition is within ± 5% of the target mixture based upon uncertainties in the 

pressure and temperature at time of filling.  The SCUBA tank was allowed to sit  

to achieve complete mixing of the gases for 40 hours before use.  The same gas 

mixture was used for both the August and October deployments. 

3.1. August 2002 experiments  

 A preliminary set of measurements was obtained in August 2002.  The laser 

power exiting the probe tip was measured to be ~10 mW on deck prior to the 

dive.  During this experiment,  the immersion optic was inserted into a hole in 

the side of an open-bottomed 10x10x10 cm cube; thus the optic tip was in a 

pocket of gas and no seawater was in the beam path (Figure 4).  The gas cube 

was filled with a 50%-50% CO2-N2 gas mixture from a port at the top of the 

box; thus, very little mixing with seawater occurred during filling.  A second 

valve allowed the box to vent gas upwards while filling with seawater through 
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the open bottom.  With this configuration we were easily able to collect quality 

spectra of a 50%-50% mixture of CO2 and N2 gas and 100% N2 gas.  Two sets of 

measurements where collected at 300 m depth – a series of 10 x 10 sec 

accumulations spanning 23 minutes, and a series of 5 x 5 sec accumulations 

spanning 16 minutes.  The box was purged and refilled with gas before each 

experiment.   

 Different targets have different Raman scattering efficiencies, thus raw peak 

heights cannot be used to determine relative concentrations.  The gas cube 

experiment provided a baseline to understand the relative intensities of the 

Raman signals from CO2 and N2.  We were also able to observe the preferential 

dissolution of CO2 into seawater.  However, due to the low ratio of the 

seawater-exposed area to the gas volume (~0.1 cm- 1) we were not able to 

observe the complete diffusion of CO2 from the gas cube during the time of our 

experiment (~30 minutes).   

3.2. October 2002 experiments 

 In October of 2002 we performed another series of experiments to observe 

the preferential dissolution of CO2 from a 50%-50% CO2-N2 gas mixture.  Based 

upon the results from our August cruise we were able to scale the experiment 

appropriately, such that complete CO2 dissolution could be observed in ~30 

minutes.  In this experiment we attempted to mimic the bubble experiments of 

Brewer, et al.  (2002b).  The probe head was positioned in a downward-looking 

orientation and a clear conical funnel was placed on the tip of the immersion 

optic to hold a buoyant gas bubble in the DORISS beam path (Figure 5).  The 
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total volume of the funnel was 2.5 cm3, and the ratio of the exposed area to the 

gas volume was increased 20-fold from the earlier gas cube experiment.  The 

laser power for this experiment was measured to be ~13 mW prior to the dive. 

 Two experiments were run with the funnel configuration, both at a depth of 

300 m, with spectra being collected every 5 minutes over a 30 minute period.  

During the first run, each spectrum was an average of 10 accumulations of 10 

second exposures.  Thus, each spectrum was an average over a time span of 100 

seconds.  During the second run, each spectrum was an average of fifteen 15-

second exposures (time span of 225 seconds).  The funnel was thoroughly 

flushed with the gas mixture prior to each experiment.   

4. Results 

4.1. August 2002 data 

 The data from the August dives provide information on the relative Raman 

scattering efficiencies of nitrogen and carbon dioxide.  Initial spectra from both 

experiments are shown in Figure 6. The two CO2 peaks (~1285 and ~1388 ∆cm-

1) are separated by the diamond reference peak (1332 ∆cm- 1) in the left half of 

the spectrum; the N2 peak (2332 ∆cm- 1) is on the right half of the spectrum.  The 

dropout at 1942 ∆cm- 1 is due to a flaw on the CCD chip.  We compared the area 

ratios of both CO2 bands to the N2 band to examine any  differences in the 

Raman efficiencies.  Immediately after the cube was filled, the ratio of the CO2 

bend band (~1285 ∆cm- 1) to N2 was ~1.1; the ratio of the CO2 stretch band 

(~1388 ∆cm- 1) to N2 was ~1.9.  These ratios were the same for both sets of 
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measurements – 10 x 10 sec exposures and 5 x 5 sec exposures.  The peak area 

ratios observed over time (Figure 7) show the decrease in CO2 relative to N2 in 

the gas mixture.  The 5 x 5 sec accumulations show more scatter in the data than 

the 10 x 10 sec accumulations as expected due to higher noise levels in shorter 

exposures.  

4.2. October 2002 data 

 The data from the October dives provide information on the rate at which 

CO2 is preferentially dissolved into seawater.  Two sets of measurements were 

made with the small funnel configuration (Figure 5) – a series of 10 x 10 sec 

accumulations and a series of 15 x 15 sec accumulations each spanning ~30 

minutes.  It  should be noted that in the raw data the diamond peak area is 

approximately the same in the October data as it  is in the August data.  

However, the peak areas of the gas components are ~2.5 times as strong in the 

August data as they are in the October data.  This is due to the changes in the 

instrument between cruises and differences in the optical path for the two 

experiments (i .e. ,  the large gas cube used in August versus the small gas funnel 

used in October).  Despite the fact that the absolute peak area values are 

different, the peak area ratios are not affected and can be compared.   

 The October data show starting ratios of ~1.5 for the CO2 stretch band to N2, 

and ~0.8 for the CO2 bend band to N2.  These numbers are slightly lower than 

those observed from the August dives (~1.9 and ~1.1, respectively).  This is 

likely due to the fact that a) the gas is bubbled up into the funnel through 

seawater allowing some gas dissolution, and b) the scaling of the experiment 
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leads to faster dissolution of CO2 as compared to the gas cube experiment.  

Thus, some CO2 dissolution has already occurred before (or while) the initial 

spectra are being obtained.   Calculations and comparisons with the August data 

suggest that the starting ratio for the October experiments is actually ~44%-56% 

CO2-N2. 

 During the October experiments, the complete dissolution of CO2 can be 

observed within ~30 minutes.  Spectra were collected every five minutes during 

this t ime and show the decreasing CO2 Raman peaks (Figure 8).  The CO2 peaks 

were much smaller in the October measurements than they were in the August 

measurements (Figure 6) with respect to the diamond peak.  By plotting the 

ratios over time we can fit  an exponential curve to the data (Figure 9, Table 2).  

The exponential drop off of the data is due to the fact that since CO2 is 

preferentially dissolved, the mole fraction of CO2 in the gas mixture decreases 

over time which leads to a slowing of the dissolution rate.   

Table 2 

Curve Fits for October 2002 data 

Area Ratios Least Squares Fit R2 

Experiment 1 – 10 x 10 sec   

CO2 stretch / N2  1.5984 e-0.0587 x 0.9885 

CO2 bend / N2  0.8646 e-0.0583 x 0.9697 
   

Experiment 2 – 15 x 15 sec    

CO2 stretch / N2  1.4411 e-0.0536 x 0.9466 

CO2 bend / N2  0.7242 e-0.0532 x 0.9039 
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5. Discussion 

5.1. Air-sea gas exchange 

 The mechanism of gas exchange across an air-water interface has been 

studied for years in order to better understand ocean interaction with the 

overlying atmosphere which has implications for global climate.  Researchers 

typically use two-layer models where thin boundary layers are present in both 

the gas phase and the liquid phase (e.g., Liss and Slater,  1974), or  single-layer 

stagnant boundary layer models where a gradient exists only in the water layer 

(e.g.,  Broecker and Peng, 1974).  These models assume that both the air and 

water layers are well mixed while gradients exist only in thin films at the 

interface. 

 Our gas dissolution experiments provide a small-scale look at gas transfer 

across a gas-liquid interface at high pressure, and absent turbulent wind forcing 

of either the gas or water components; only local ocean water velocities perturb 

the interface.  We assume that both the gas volume and the seawater below it  are 

well mixed, however we do not have knowledge of the diffusive boundary layer 

thickness. Our initially 50%-50% CO2-N2 gas mixture changes composition with 

time and decreases in total volume as gas is transferred to the seawater below.  

We will  use typical values for the stagnant boundary layer model  to calculate 

expected fluxes and concentrations and compare them to the data collected with 

the DORISS system. 

 The gas exchange rate of CO2 presents a special case due to the complex 

chemistry involved (Zeebe and Wolf-Gladrow, 2001).  Typically it  is the much 
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slower rate of atmosphere-ocean CO2 gas exchange that engages the attention of 

ocean chemists.   Bolin (1960) first  drew attention to this,  and the phenomenon 

is due to the buffer capacity of seawater and the relatively long time scales to 

achieve chemical equilibrium within the aqueous CO2 system.  The net result is 

a gas exchange rate for CO2 ≅10x slower than for typical atmospheric gases, 

including nitrogen, thus it  may be disconcerting to see the discussion here of the 

rapid exchange of CO2.  This arises from the extraordinary increase in solubility 

of CO2 in seawater with pressure (Aya et al . ,  1997; Haugan and Drange, 1992; 

Rehder et  al. ,  2004) until  the hydrate phase boundary is reached.  The effect of 

pressure on the diffusion coefficients in both the gas and liquid phases is small,  

and the rate changes compared to 1 atmosphere that we see are driven almost 

entirely by the solubility function. 

5.2. Theoretical calculations 

Since we may neglect the complexities of the ocean-atmosphere boundary layer, 

we may use a simple rendition of the gas exchange equation.  From Henry’s Law 

the amount of gas dissolved in a volume of solvent (Cl) is proportional to the 

partial pressure of the gas (Pg) in the gas volume (atm) in equilibrium with the 

solution, and the ratio can be described by a solubility constant, K  (mol/L/atm). 

  gl PKC ⋅=  (3) 

Using the stagnant film model (Broecker and Peng, 1974; Broecker and Peng, 

1982), the flux of gas across the interface can be calculated by  
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z
CC

DF bottomtop −⋅=  (4) 

where F  is the gas flux (mol/cm2/s),  D  is the coefficient of molecular diffusion 

(cm2/s),  Ct o p  and Cbo t to m  are the concentrations at the top and the bottom of the 

boundary layer (mol/L), and z  is the thickness of the boundary layer.  The 

bottom of the boundary layer is in equilibrium with the seawater below (Csw) 

and the top of the boundary layer is in equilibrium with the gas layer above 

(Equation 3).  Therefore, Equation 4 can be rewritten as 

  
z

CPK
DF swg −⋅
⋅=  (5) 

Values for the equilibrium concentration in seawater, diffusion coefficient,  and 

solubility of CO2 and N2 are given in Table 3a for the surface ocean at 1 atm 

and in Table 3b for a depth of 300 m and 30.86 atm pressure.  Literature values 

for the boundary layer thickness obtained from laboratory experiments vary 

from ~10 to ~300 µm, while radiocarbon calculations suggest an average ocean 

boundary layer thickness of ~40 µm (Broecker and Peng, 1974).  

 At the beginning of the experiment, the partial pressures of CO2 and N2 in 

the gas volume are the same (15.43 atm).  The values for the equilibrium 

concentration in seawater, diffusion coefficient,  and solubility of CO2 and N2 in 

at 300 m depth are given in Table 3b.  Equation 3 shows that for both CO2 and 

N2, the dissolved gas concentration in equilibrium with the gas phase is higher 

than the gas concentration in seawater.   Therefore, both gases should dissolve 

into seawater over time.  Using Equation 5 and assuming a boundary layer 
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thickness of 40 µm, we find that the flux of CO2 into seawater (1.27x10-6 

mol/cm2/s) is much higher than that of N2 (4.45x10- 8 mol/cm2/s) due to its 

higher solubility.  Therefore, the concentration of N2 in the gas phase should 

increase over time as CO2 is preferentially dissolved.   

Table 3a  

Gas properties for CO2 and N2 in the surface ocean (1 atm)  

 CO2  N2  

Gas concentration in seawater, Csw (mol/L) a 2.00 x 10-5 6.20 x 10-4 

Diffusion coefficient, D (cm2/s) @ 8°C b 1.17 x 10-5 1.21 x 10-5 

Solubility, K (mol/L/atm) @ 8°C c 47.2 x 10-3 6.46 x 10-4 
a  From Broecker & Peng (1982). 
b Interpolated from Broecker & Peng (1974). 
 c  From Weiss (1970 ). 
 

 

Table 3b  

Gas properties for CO2 and N2 at 300 m depth (30.86 atm) 

 CO2  N2  

Gas concentration in seawater, Csw (mol/kg) a,b 4.90 x 10-5 5.36 x 10-4 

Diffusion coefficient, D (cm2/s) @ 8°C c 1.17 x 10-5 1.21 x 10-5 

Solubility, K (mol/kg/atm) @ 8°C d 2.80 x 10-2 9.89 x 10-4 
a  From CO2sys version 01.05 (Lewis, BNL). 
b  From Weiss (1970). 
c Interpolated from Broecker & Peng (1974); Note that diffusion coefficient is not significantly affected by 

pressure. 
d  Calculated using MultiFlash 3.2 (Infochem Inc., London). 
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5.3. Comparison with Raman measurements 

 From Equation 2, we see that the area ratio of the CO2 and N2 Raman bands 

is proportional to the ratio of their concentrations.  We know the initial 

concentration of the gases in the gas mixture, which provides us with a 

calibration point.  We can then determine the concentration ratio of the gas 

mixture over time from the ratio of the Raman peak areas.  The mole fractions 

are determined from the concentration ratios over time and can be compared to 

theoretical calculations based on the gas flux equation (Equation 5) above.   

 We first  looked at the 10 x 10 sec data from the August 2002 experiment 

using the 10x10x10 cm gas cube.  The cube shape maintains a constant exposed 

surface area (100 cm2) as the gas volume decreases.  The signal-to-noise ratio of 

the instrument appears to have been higher by a factor of 5 during this 

deployment compared to the October deployment.  Additionally, the slow rate of 

dissolution is a good match for the long exposure times (i .e. ,  10 x 10 sec 

accumulations, 100 sec total exposure time).  The observed data is shown in 

Table 4.  The peak areas of the CO2 bands (stretching band: ~1388 ∆cm- 1; 

bending band: ~1285 ∆cm- 1) decrease over time corresponding to a decrease in 

mole fraction and concentration.  The peak area of the N2 peak (~2332 ∆cm- 1) 

increases over time, corresponding to an increase in mole fraction and 

concentration.  Concentration ratios are calculated from the ratios of both CO2 

bands to nitrogen.  As expected, the concentration ratios determined from each 

CO2 band are quite similar.   The mean value of the concentration ratio is used to 
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determine the mole fractions of CO2 and N2.  The density of the gas mixture is 

calculated using MultiFlash 3.2 from the mole fractions.   

 Table 5 shows calculated values for moles, mole fraction, partial pressure 

and gas flux over time.  This data is based on the initial conditions (shown in 

the first row of Table 4) and flux calculations discussed in the previous section.  

While a boundary layer thickness (z) of 40 µm was assumed in the previous 

section, a value of ~42 µm is needed to approximate the observed data.  As 

expected the gas flux of CO2 is much higher than that of N2 (by a factor of 

almost 30).  As the CO2 is preferentially dissolved into seawater its mole 

fraction and flux decrease over time.  This slowing of the flux causes the 

observed exponential drop-off of the data (Figure 9).  Based on the calculations, 

the change in volume of the gas over 1200 sec is 89.88 cm3.  By looking at 

video frame grabs of the experiment, we observed that the gas volume has 

decreased by approximately 1 cm in height which is ~100 cm3 in volume. 

 The same observational to theoretical comparison can be made for the 

October data from the 2.5 cm3 gas funnel.  Due to the shape of the funnel,  the 

surface area exposed to seawater decreases over time as the gas volume 

decreases.  Table 6 shows the observed data from the 10x10 second experiments.  

As noted in section 4.3, the starting gas mixture appears to be 44%-56% CO2-

N2.  The calculated values of moles, mole fraction, partial pressure, and gas flux 

are shown in Table 7.  Unlike the calculations for the August data, a boundary 

layer thickness of ~165 µm is necessary to approximate the data from the 

October experiment, possibly due to reduced boundary layer turbulence within 
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the small gas funnel.   The rate of change in gas composition in the October 

experiment is also higher (by as much as an order of magnitude) than those in 

the August experiment.  This is due to the higher seawater-exposed area to gas 

volume ratio as noted in section 3.2. 

 A comparison of the observed and theoretical data from the August and 

October experiments is shown in Figure 10.  Due to the volume/exposed surface 

area scaling of the experiment,  the proportion of CO2 loss occurs more rapidly 

in the October experiment.   In both cases, the theoretical calculations match 

quite well to the observed data.  The August data shows a slight curvature that 

is not matched by the theoretical l ine.  This may be due to the fact that as the 

gas volume in the cube decreases an enriched liquid layer is confined in the 

lower portion of the cube which slows the dissolution rate over time.   
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Table 4 

Observation of CO2 and N2 dissolution from the 10x10x10 gas cube (August 2002, 10x10 sec data) 

Elapsed 
Time 

 Observed Peak Area 

(counts) 

Observed Concentration 
Ratios 

 Mean 
Conc. 
Ratio 

Mean Observed 
Mole Fraction 

Mean 
Density 

(minutes)  CO2-bend    NCO2-stretch N2  CO2-bend 
/ N2 

CO2-stretch 
/ N2 

 CO2/N2 CO2 2 (g/cm3) 

2.835        6570.18 11509.87 5970.24  1.0000 1.0000 1.0000 0.5000 0.5000 0.05247

7.835        

        

        

        

6244.39 10618.65 6217.04  0.9127 0.8859 0.8993 0.4735 0.5265 0.05156

12.835 6413.19 11028.22 6650.53  0.8763 0.8601 0.8682 0.4647 0.5353 0.05127

17.835 6354.80 10961.24 6888.00  0.8383 0.8254 0.8319 0.4541 0.5459 0.05091

22.835 6151.88 10293.63 6713.86  0.8326 0.7953 0.8140 0.4487 0.5513 0.05074
 

Table 5 

Theoretical calculation for the 10x10x10 gas cube 

Elapsed 
Time 

 Calculated Moles 
in Gas Cube 

(moles) 

Calculated Mole 
Fractions 

 Calculated Partial 
Pressure 

 (atm) 

Calculated Gas Flux 

(mol/cm2/sec) 

(minutes)  CO2 N    N  N  N2 Total  CO2 2  CO2 2  CO2 2 

2.835          0.7252 0.7252 1.4505  0.5000 0.5000 15.43 15.43 1.22E-06 4.29E-08

7.835          

          

          

          

0.6890 0.7239 1.4130  0.4876 0.5124 15.05 15.81 1.19E-06 4.40E-08

12.835 0.6537 0.7226 1.3763  0.4750 0.5250 14.66 16.20 1.16E-06 4.52E-08

17.835 0.6193 0.7212 1.3406  0.4620 0.5380 14.26 16.60 1.13E-06 4.63E-08

22.835 0.5859 0.7198 1.3058  0.4487 0.5513 13.85 17.01 1.09E-06 4.75E-08
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Table 6 

Observation of CO2 and N2 dissolution from the 2.5 cm3 gas funnel (October 2002, 10x10 sec data) 

Elapsed 
Time 

 Observed Peak Area 

(counts) 

Observed Concentration 
Ratios 

 Mean 
Conc. 
Ratio 

Mean Observed 
Mole Fraction 

Mean 
Density

(minutes)  CO2-bend   NCO2-stretch N2  CO2-bend 
/ N2 

CO2-stretch 
/ N2 

 CO2/N2 
 CO2 2  (g/cm3) 

0.835        1470.19 2917.10 1965.93  0.6795 1.0000 0.8398 0.4565 0.5435 0.05099

5.835        

        

        

        

        

        

1382.26 2330.03 1965.12  0.6392 0.6150 0.6271 0.3854 0.6146 0.04870

10.835 1033.23 2007.34 2091.80  0.4488 0.4978 0.4733 0.3213 0.6787 0.04672

15.835 924.62 1498.20 2278.50  0.3687 0.3411 0.3549 0.2619 0.7381 0.04497

20.835 602.14 1258.03 2393.78  0.2286 0.2726 0.2506 0.2004 0.7996 0.04321

25.835 578.26 998.37 2560.65  0.2052 0.2022 0.2037 0.1692 0.8308 0.04234

31.665 321.32 601.52 2546.84  0.1146 0.1225 0.1186 0.1060 0.8940 0.04062
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Table 7 

Theoretical calculation for the 2.5 cm3 gas funnel 

Elapsed 
Time 

 Calculated Moles 
in Gas Cube 

(moles) 

Calculated Mole 
Fractions 

Calculated 
Partial Pressure 

 (atm) 

Calculated Gas Flux 

(mol/cm2/sec) 

(minutes)  CO2 N    N   N   N2 Total  CO2 2 CO2 2 CO2 2 

0.835        0.001648 0.111962 0.003610  0.4565 0.5435 14.09 16.77 3.15E-07 1.32E-08

5.835        

         

         

         

         

         

0.001242 0.001943 0.003185  0.3899 0.6101 12.03 18.83 2.69E-07 1.49E-08

10.835 0.000918 0.001923 0.002841  0.3231 0.6769 9.97 20.89 2.23E-07 1.66E-08

15.835 0.000666 0.001902 0.002568  0.2594 0.7406 8.01 22.85 1.79E-07 1.82E-08

20.835 0.000475 0.001880 0.002355  0.2017 0.7983 6.23 24.63 1.39E-07 1.97E-08

25.835 0.000333 0.001857 0.002190  0.1522 0.8478 4.70 26.16 1.05E-07 2.09E-08

31.665 0.000217 0.001830 0.002046  0.1060 0.8940 3.27 27.59 7.31E-08 2.21E-08
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6. Conclusions 

 Laser Raman spectroscopy is a useful and valuable tool for performing in 

situ  analysis in the deep ocean.  Changing processes can be observed in real-

time, and both qualitative and quantitative data can be obtained.  This capability 

will  enhance many CO2 and gas hydrate studies (e.g.,  Brewer et al. ,  2002a; 

Brewer et al. ,  2002b; Rehder et al. ,  2002; Rehder et al. ,  2004), and can be 

extended to a very wide range of ocean science, including hydrothermal vent 

studies. 

 Saito et al.  (2000) have proposed a method for CO2 sequestration that 

employs a gas-lift  pump (GLAD – Gas Lift  Advanced Dissolution) system and 

would be effective for low-purity CO2.  From laboratory experiments at 

atmospheric pressure, they have determined the mass transfer coefficients (kL) 

for pure CO2 and a mix of 95% CO2 and 5% air (Saito et al. ,  1999).  The average 

mass transfer coefficient for CO2 is 2.0 x 10-4 m/s, and that of the low purity 

CO2 is slightly less.  Our work performed at a depth of 300 m (the depth 

proposed for gas injection in the GLAD system) using a 50%-50% CO2-N2 

mixture shows a lower CO2 mass transfer coefficient: kL  = 7.98 x 10- 6 m/s for 

the gas funnel experiment.  Saito (1999) showed that the mass transfer 

coefficient is lower for lower purity CO2, and this is supported by our lower 

numbers for a 50% CO2 gas mixture.  However, one would expect the mass 

transfer coefficient to be higher at higher pressure.  This is not supported by our 

work.  It  should be noted that our work is for a stationary bubble held at a fixed 

depth, while Saito’s work refers to a rising bubble stream.  Additionally, our 
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estimates assume a seawater phase undersaturated with respect to CO2, and in a 

large scale system the surrounding seawater would approach saturation and the 

gas dissolution rate would slow down. 

 Our observations support the initial  very rapid loss of CO2 from the gas 

phase to the liquid phase, but the time scale for complete dissolution of CO2 is 

quite long.  One-centimeter diameter gas bubbles, ascending at a rate of ~25 

cm/sec, would transit  approximately 450 m of ocean water column before being 

stripped of essentially all  their CO2.  This casts doubt on the feasibility of the 

gas-lift  scheme unless very small diameter bubbles can be created.   
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Figures 

Figure 1.   Raman scattering is the inelastic scattering of monochromatic 

radiation. An incident photon exchanges energy with the target molecule and is 

scattered with lower (Stokes) or higher (Anti-Stokes) energy than the incident 

energy. 

 

Figure 2.   The DORISS instrument on the ROV Ventana.  The spectrometer 

housing and electronics housings are mounted in a drawer in the ROV toolsled 

(shown by arrow).  The probe head is carried in front (left  in the picture below) 

for deployment by the ROV manipulator. 
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Figure 3.   Phase diagram for pure CO2 in seawater  (A)  and 50%-50% CO2-N2 

mixture in seawater (B)  calculated using MultiFlash 3.2 (Infochem, Inc.,  

London).  The grey regions indicate the hydrate stability zones, the dash-dotted 

line indicates the liquid gas boundary.  The red line is a temperature profile 

from Monterey Bay, and the X indicates the experimental conditions of our 

deployments. 

   

Figure 4.   A video frame grab showing the DORISS probe tip penetrating the 

open-bottomed gas cub (10 x 10 x 10 cm).  The ports at the top of the cube are 

used to fill  and vent the cube.  (From Brewer et al. ,  2004) 
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Figure 5.   a)  A frame grab showing the DORISS probe tip with gas funnel and 

gas dispensing tub. b)   A cross-section of the experimental set up. 

         

Figure 6.   Raman spectra of 50%-50% CO2-N2 gas mixture in gas cube during 

August 2002 dives.  The diamond reference peak is at 1332 ∆cm- 1.   The two CO2 

peaks are at 1285 ∆cm- 1 (bending mode) and 1388 ∆cm- 1 (stretching mode).  The 

N2 peak is at 2332 ∆cm- 1.  The drop out at ~1900 ∆cm- 1 is due to a flaw on the 

CCD chip. 
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Figure 7.   Peak area ratios over time from the August 2002 gas cube 

experiment.  Data points are plotted at the midpoint of the accumulation time. 

 

Figure 8.   Raman spectra of CO2 over time.  Each spectrum is an average of 

fifteen 15-second exposures (3.75 minute average).  The diamond reference peak 

is at 1332 ∆cm- 1.  The two CO2 peaks are at 1285 ∆cm- 1  and 1388 ∆cm- 1 and 

decrease over time as CO2 is dissolved into seawater.  The N2 peak is at 2332 

∆cm- 1 and is not shown in this segment of the spectra. 
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Figure 9.   Peak area ratios over time for the October 2002 gas funnel 

experiments.  Spectra from experiment 1 are averages of ten 10-second 

exposures (1.67 minute averages).  Spectra from experiment 2 are averages of 

fifteen 15-second exposures (3.75 minute averages).  The decrease in the ratios 

of the peak areas of the CO2 bands to N2 band can be fit  by an exponential 

curve.  Data points are plotted at the midpoint of the accumulation time. 
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Figure 10.   Observed and calculated CO2 mole fraction from August and 

October deployments.  The symbols indicate the observed values, the lines 

indicate the mole fraction calculated using the gas flux equation. 
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MBARI’s Deep Ocean Raman In Situ Spectrometer (DORISS) has been deployed on a number of scientific missions in the 
ocean, with the successful acquisition of spectra from a wide range of targets including minerals, gases, and gas hydrates.  
We are now exploring the future use of this instrument for the direct detection of aqueous species in natural waters, with a 
particular focus on the oceanic carbonate system.  The ability to acquire in-situ data allowing a direct quantitative assessment 
of carbonate speciation would present a powerful new tool to the oceanographic community.

Ocean scientists have long relied on indirect methods for determination of the individual carbonate system species in 
seawater through linking observations with apparent thermodynamic constants. However, direct Raman spectroscopic 

- 2-observation of HCO  and CO  in solution is possible, although acquisition of spectra in-situ is difficult due to low 3 3

concentrations in natural waters.  We are attempting to address this problem using the DORISS instrument.  The first 
- 2-objective is to determine the Raman scattering efficiency of HCO  and CO , and thereby define the instrument requirements 3 3

to enable direct determination of carbonate speciation in a ~2 mM TCO  solution.  The second step is to increase the 2

sensitivity of the system through improvements to the optical path and advanced post-processing techniques.   

To perform quantitative measurements using Raman spectroscopy a reference standard is required, where the relative 
scattering efficiency of the standard and target must be known (the Raman cross section ratio, s /s ).  We have chosen standard target

2- 2-to utilize SO  as the reference for seawater species as the seawater SO  signal is readily detected in-situ with short (sub 1 4 4
- 2- 2-minute) spectral acquisition times.  The scattering efficiencies of HCO  and CO  with respect to SO  were determined in the 3 3 4

- 2-laboratory (s /s  = ~4.0; s /s  = ~2.5).  As both HCO  and CO  are comparatively weak Raman scatterers, and the SO4 HCO3 SO4 CO3 3 3
2-TCO  of seawater is ca. 10 times lower than the SO  concentration, it is necessary to increase instrument sensitivity by a 2 4

factor of 10-100 to enable rapid (sub 1 minute) in-situ detection of the seawater carbonate system. 
-1 -Current instrument sensitivity allows detection of ~15 mmolkg  HCO , or ca. 7 times the seawater concentration, using 3

long (~40 minute) acquisition times and standard spectral processing software (GRAMS AI, ThermoGalactic). To increase 
sensitivity we have explored potential adaptations to DORISS and alternative methods of spectral processing. First, we tested 
a new sampling optic, the PhAT system (Kaiser Optical Systems, Inc.). The current DORISS probe head utilizes a single 
optical fiber for signal collection, whereas the PhAT system utilizes a prototype large area signal collection system, leading to 
a concomitant increase in instrument sensitivity to transparent and semi-transparent samples. Secondly, the application of 
partial least squares spectral processing (Eigenvector Research, Inc.) notably improves the Raman peak detection limit. The 
incorporation of the PhAT system, in addition to advanced spectral processing, could significantly increase the sensitivity of 
the DORISS instrument, enabling direct measurement of the seawater carbonate system. 

Abstract

Background
Raman Spectroscopy is based on the weak inelastic 

scattering of monochromatic radiation

Energy is exchanged between the photon and the target
molecule such that the scattered photon is of lower (Stokes) or
higher (Anti-Stokes) energy than the incident photon.  The 
difference in energy is made up by a change in the rotational and
vibrational state of the molecule.  Raman spectroscopy therefore
provides information on the molecular structure, and hence 
composition, of the target sample.

Raman spectroscopy is a promising potential technique 
for direct quantitative measurement of the oceanic 

carbonate system as it requires no sample preparation 
- 2-and can readily distinguish between HCO  and CO   3 3

- 2-The Raman spectra of HCO  and CO  were first described by 3 3

Davies and Oliver (1972).  They analyzed saturated solutions 
(~8 M) of KHCO  and K CO ,  determined the molecular symmetry3 2 3

- 2-of HCO  and CO , and assigned the observed Raman active 3 3

bands to given vibrational modes.  In a later study, Oliver and 
Davies (1973) made the first steps toward analysis of the carbonate system in natural waters, obtaining spectra from less 
concentrated solutions down to a lower limit of  ~100 mM.  More recently, Kruse and Franck (1982)  and Frantz (1998) have 
investigated carbonate system speciation in ~1-2 M KHCO  and K CO  synthetic ‘hydrothermal’ solutions at elevated 3 2 3

temperatures and pressures.  Although these studies have provided valuable information on the aqueous carbonate system, 
the concentrated solutions studied to date exceed the ambient seawater TCO  by a factor of 50-4000, where due to the weak 2

-1
nature of Raman scattering, obtaining an instrument sensitivity on the order of ~2 mmolkg  represents a non-trivial challenge.   

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 modified laboratory model (532 nm green laser) instrument from Kaiser Optical Systems, 
Inc. (KOSI) that is capable of operations in the ocean to depths of 4000 m (Brewer et al., 2004; Pasteris et al., 2004).  
Following several successful deployments, we are now pursuing attempts to perform direct quantitative measurement of 
aqueous species in seawater, with particular focus on the oceanic carbonate system.   
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Improvements to the Optical Path

- 2-Raman Spectra of HCO  and CO3 3

Example spectra of  aqueous NaHCO  and Na CO  (obtained in the laboratory using the DORISS instrument fitted with an immersion 3 2 3
- -1optic) are shown below.  The strongest band observed in the spectrum of HCO  occurs at 1017 Dcm  and corresponds to the n  C-OH 3 5

2- -1 -stretch.  In the spectrum of CO  only the strong n  symmetric stretch at 1066 Dcm  is observed.  This band is also seen in the HCO  3 1 3
- 2-

spectrum due to the dissociation of HCO  to form CO .  3 3

-1 -1A range of solutions of known concentration of Na CO  (60-500 mmolkg ) and NaHCO  (15-500 mmolkg ) were analyzed to evaluate 2 3 3
- 2-the linearity of the DORISS instrument.  The peak areas of the HCO n  band and the CO  n  band were integrated using GRAMS AI 3 5 3 1

-1
software (ThermoGalactic) and normalized to the peak area of the reference diamond (1332 Dcm ) which is situated in the sampling 
optic of the DORISS instrument.  The resultant linear relationships between concentration and normalized peak area are shown below.  

- 2-
Note that the HCO  signal strength is significantly weaker than that for CO .3 3
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- 2-Scattering Efficiency of HCO  and CO3 3

The intensity of Raman scattering is given by:

As K and P may differ in the collection of separate spectra, 
an internal reference standard is required to perform 
quantitative measurements.  As R  and R  are sample standard

collected simultaneously, the term IKP is constant, giving:

R = s C I K P
R Raman Peak Area I Laser Intensity
s Raman Cross-Section K Instrument Parameters 
C Concentration P Sample Path Length

Thus to determine C , the relative Raman cross-section sample

ratio,  s /s  must be known.standard sample, 

2-
We have chosen to utilize SO  as the internal reference 4

2-standard as: (1) the seawater SO  signal is readily detected 4

with current sensitivity of the DORISS instrument; (2) the 
2-

relationship between [SO ] and salinity is well known4

Mixed solutions of known concentrations of Na SO -Na CO  2 4 2 3

and Na SO -NaHCO  were prepared and analyzed in the 2 4 3

laboratory using the DORISS instrument fitted with an 
immersion optic.  The peaks were integrated using GRAMS 
AI (ThermoGalactic) software.  The acquired spectra and 
integrated peaks are shown opposite.  The peak areas, 
known concentrations, and calculated relative Raman cross- 
section ratios are tabulated below.  

Relative Raman Scattering Efficiency

-1Seawater Concentration (mmolkg )

Relative Raman Signal Strength
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In the analysis of solutions 3&4 (Na SO -NaHCO ), the average s /s  calculated from solutions 1&2 2 4 3 SO4 CO3
2- 2-

(Na SO -Na CO ) was used in combination with the measured R /R  and known [SO ]  to estimate [CO ] 2 4 2 3 SO4 CO3 4 3
- 2-and thus to correct the known concentration of NaHCO  (TCO ) for the disassociation of HCO  to CO .3 2 3 3

The DORISS instrument can 
-1

currently detect 15 mmolkg  
- 

HCO with an acquisition time of 3

40 minutes (see left). Given the 
- -1seawater [HCO ] of ~2 mmolkg , 3

an 8x increase in sensitivity is 
therefore required to detect the 

-oceanic HCO  signal.  However, 3
-

to detect seawater HCO  with the 3

same relative ease with which 
2-seawater SO  is observed (<1 4

minute acquisition time, see right) 
would require a 60x increase in 
sensitivity due to both the lower 
concentration (15x) and lower 
Raman scattering efficiency (4x) 

- 2-of HCO  with respect to SO .3 4

Sensitivity of the DORISS Instrument

-1Raman Shift (Dcm )

Diamond 
-1(1332 cm )

-
HCO  n3 5

C-OH stretch
-1(1017 cm )

2-
CO  n3 1

symmetric stretch
-1(1066 cm )

40*60 second

-140 minute acquisition of 15 mmolkg  NaHCO3

-140 minute acquisition of 15 mmolkg  NaHCO3 50 second in-situ (1000m depth) 
acquisition of seawater

50 second in-situ (1000m depth) 
acquisition of seawater

-1Raman Shift (Dcm )

2-SO  n4 1
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-1(982 cm ) Diamond 
-1(1332 cm )
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A second generation DORISS instrument is 
currently under development, where 
incorporation of a new  optical bench and 
probe head (KOSI) and a back illuminated 
CCD camera (Andor), are expected to 
increase sensitivity by a factor of  2-4.  

In addition, we have investigated the signal 
gain obtained by using a prototype large 
area Raman system called the PhAT 
System (KOSI).  In initial tests we 
employed the 785 nm PhAT system to 
analyze a series of low concentration 
NaHCO  solutions.  Using an acquisition 3

-time of 20 minutes, the HCO  n  band and 3 5
2-the CO  n  band were observed in a ~7.5 3 1
-1

mmolkg  TCO  solution (see right), 2

providing a x4 increase in sensitivity with 
respect to the current DORISS instrument.    

We will also be investigating the use of a 
liquid waveguide capillary cell (LWCC) to 
extend the DORISS instrument sensitivity.  
Total reflection of light within a LWCC 
increases the optical path length (i.e. the 
number of scattering centres sampled), 
thereby improving sensitivity.   In previous 
studies, LWCCs have been reported to 
improve Raman detection limits by a factor 
of 50-120 (e.g. Zhang 2000).   

After background 
correction both 

- 2-HCO  and CO    3 3

can  be detected in a 
20 minute spectra 
acquired from a 

-1~7.5 mmolkg  
solution of NaHCO3
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Future Directions: Advanced Data Processing
Increased sensitivity can also be achieved through application of 
advanced data processing techniques.  We are currently 
developing a Partial Least Squares (PLS) regression model (e.g. 
Geladi and Kowalski, 1986) for analysis of mixed aqueous 
solutions of Na SO -NaHCO -Na CO .  2 4 3 2 3

In PLS analysis it is desirable to have 10 ‘training’ spectra for each 
component under analysis.  A training set of 30 low concentration 
mixed solutions of Na SO -NaHCO -Na CO were therefore 2 4 3 2 3  

prepared, and the Raman spectra acquired using the 532 nm PhAT 
System (KOSI).  Na SO  was varied from 0.125 to 4 times the 2 4

seawater concentration, NaHCO  from 1 to 30 times, and Na CO  3 2 3

from 1 to 150 times.  As spectra are inherently co-linear, in order to 
create an optimum PLS training set, efforts were made to ensure 
that the three species under analysis did not co-vary (see left).
Analysis of these spectra is currently underway using the 
PLS_Toolbox 3.0 (Eigenvector Research Incorporated) for 
MATLAB (The MathWorks, Inc.) and early results look promising.

We are confident that improvements to the optical path of the DORISS instrument, in combination with the application of 
advanced data-processing techniques, will enable direct in-situ measurement of the oceanic carbonate system.
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Abstract 
We have carried out series of ROV controlled oceanic CO2 system perturbation 
experiments off the coast of California at depths down to 1000m with both HCl addition, 
and HCO3

- addition, reaction pathways. The work was done to evaluate possible barriers 
to carrying out future FOCE (Free Ocean CO2 Enrichment) experiments to simulate the 
chemistry of the emerging high CO2-lower pH ocean. A looped 460 ml flow cell with a 
pH sensor was used to monitor the time-to-equilibrium for 90µl additions of 0.04N HCl, 
and for small slugs of HCO3

- enriched sea water. The results were compared to 
equivalent experiments at the same temperature and 1 atmosphere pressure. In each case 
the experiments at depth showed significantly faster time-to-equilibrium than those at one 
atmosphere. These results are consistent with the low partial molal volume of CO2 in sea 
water favoring the hydration reaction rate. The results imply, but do not prove, a 
significant effect of pressure on the rate constants. The relatively rapid equilibration 
times observed in sea water of 4° and at 10 MPa indicates that there are no fundamental 
physical chemistry limits for carrying out small scale free ocean CO2 enrichment 
experiments. 
 
Introduction 
Background 
It is now commonplace to carry out large-scale controlled CO2 enrichment experiments 
on land to investigate the impact of increasing atmospheric CO2 levels on terrestrial 
ecosystems, but no equivalent experiments have yet been carried out in the ocean. Why is 
that, is there a compelling need, and what are the conflicts and challenges? 
 
The extraordinary rise in fossil fuel CO2 levels in the atmosphere has as its partner an 
equivalent rise in the CO2 concentration in the ocean. This ocean has long been 
recognized as “a giant regulator of carbon dioxide [Callendar, 1938], and with the ability 
to recover the oceanic fossil fuel CO2 signal above the natural background [Brewer, 
1978; Gruber et al., 1997] scientists have been able to track the increasing oceanic CO2 
levels. About 30% of the fossil fuel CO2 emitted to the atmosphere is quickly transferred 
by gas exchange to the ocean surface waters [IPCC, 1990, 1995], and the rate of ocean 
uptake is now ~ 20-25 million metric tons CO2 per day. Without this vast present and 
future sink provided by the alkalinity of the ocean the world would have an extraordinary 
atmospheric CO2 problem. We explicitly count upon continued oceanic uptake in all 
extrapolations of the future accumulation of CO2 in the atmosphere. 
 
Yet these same extrapolations also indicate that an unprecedented change in oceanic 
chemistry may occur [Haugan and Drange, 1996; Brewer, 1997; Caldeira and Wickett, 
2003] that if taken too far may cause environmental harm [Kleypas et al., 1999; Langdon 
et al., 2000; Riebesell et al., 2000]. What level is “too far”? – and how might we assess 
this? We have already reduced the pH of ocean surface waters worldwide by ~>0.1 pH 
units, and when CO2 levels reach 600 ppm in mid-century we will have reduced the pH 
by 0.3. All future energy scenarios have continued fossil fuel usage, and thus a lower pH 
ocean is inevitable with only the time scale at issue.  
 



On land the climatic effects of elevated CO2 levels have been treated both as a problem – 
global warming, sea level rise, but also as a possible benefit in increased plant 
photosynthesis. It has even been suggested that the increase in terrestrial photosynthesis 
could greatly offset national contributions to atmospheric CO2 levels [Fan et al., 1998; 
DeLucia et al., 1999], although this result has been strongly criticized [Holland and 
Brown, 1999; Potter and Klooster, 1999; Bolin et al., 1999]. 
 
The experimental basis for evaluating land ecosystem responses to elevated CO2 levels 
has been greatly aided by the development of Free Air CO2 Enrichment (FACE) 
techniques in which a ring of controlled CO2 diffusers release gas on the upwind side of 
the apparatus so that downstream sensors receive the signal and provide feedback to 
control the flow. In this way long-term controlled exposure of a complex, open 
ecosystem to a set elevated atmospheric CO2 level in maintained. No such techniques are 
yet available for the equivalent oceanic experiments.  
 
Oceanic CO2 Experiments 
Large-scale aquarium experiments [Langdon et al., 2000], mesocosm studies [Riebesell 
et al., 2000], and small-scale studies of the effect of elevated oceanic CO2 levels on 
animal reproduction [Shirayama, 1997] have been carried out. Deep-ocean CO2 
sequestration experiments with free release of liquid CO2 [Brewer et al; 1999, 2002; 
Barry et al., 2003] have provided valuable information, but tidal vector forcing of the 
plume of CO2 rich, low pH water emanating from a central pool results in complex and 
highly variable exposure of the surrounding biogeochemical system. Carrying out the 
oceanic equivalent of the land based FACE experiments should alleviate this problem. 
 
There are however substantial technical barriers to doing so. With the new availability of 
advanced ROV techniques for experimental ocean science we can visualize ways to 
assemble, control, and return data from, complex geochemical experiments on the ocean 
floor [Kleinberg et al., 2003; Brewer et al., 2004; Pasteris et al., 2004]. But difficult 
fundamental chemical challenges also arise; CO2 released into free air is inert – only 
physical mixing is required to distribute the signal. Release of CO2 into sea water initiates 
a complex series of reactions involving the full aqueous CO2-H2CO3-HCO3 --CO3

= 
system. And while these species are typically treated as an equilibrium system, the slow 
hydration rate of the CO2 molecule can produce very significant lag times that can 
potentially confound an oceanic CO2 perturbation experiment [Zeebe et al., 1999; Zeebe 
and Wolf-Gladrow, 2001]. 
 
The essential reaction at typical sea water pH is 
 

H2O(aq) + CO2(aq) ⇔ H2CO3(aq) ⇔ HCO3
- (aq) + H+

(aq) 
 

Where the initial non-ionic reaction is slow with an Arrhenius activation energy of 74 
kJ/mol [Magid and Turbeck, 1968]. 

The effect of pressure on the equilibrium state of chemical species in sea water 
can readily be calculated with knowledge of the partial molal volumes of the reactants, 
and this is routinely done for calculating the in situ properties of the oceanic CO2 system. 



 
 
 

But there is no way to compute a priori the effects of pressure on the reaction rates. That 
must be determined experimentally. 
 
We report here an investigation of this problem, carried out through a series of small-
scale time-to-equilibrium experiments at various ocean depths by injecting both 
hydrochloric acid, and CO2 enriched sea water, into a looped flow cell and observing the 
response time at depth. 
 
Methods 
Apparatus 
The experiments created here are simple in concept, but difficult to execute. We 
constructed a flow loop system (Figs. 1 and 2) that permitted sea water at a selected depth 
to be drawn in to the unit, and circulated through a flow cell equipped with a pH 
electrode (Seabird Elecronics, Inc., SBE 18) and a thermistor for logging temperature. 
The internal volume of the cell was approximately 460ml. Hydraulic valves, actuated 
under ROV control were used to open and close the inlet and outlet ports. Data logging 
was by laptop computer in the vehicle control room, using MBARI created software. A 
screen image of the data acquisition system is shown in Fig. 3. 
 
For the acid injection experiments a 1 ml syringe permitted injection of 900 µL of 0.04N 
HCl in 0.5 N NaCl into the cell at each stroke, much as in a classic alkalinity titration 
[Bradshaw et al., 1981]. A small capillary loop, open to the ocean, served to 
accommodate the volume increase.  
 
For the CO2 enriched water injections an inverted box, crafted from cutting a laboratory 
polyacrylic carboy was attached to the frame to contain approximately 1L liquid CO2, 
delivered at depth following techniques described earlier [Brewer et al., 1999]. Sea water 
trapped in close contact with the liquid was strongly enriched in CO2, primarily in the 
form of HCO3

- ion, and a slug of this water could be drawn into the cell by using the 
vehicle robotic arm to place a wand, with inlet tube attached, in the pool of CO2 rich 
water. The hydraulic valves were then rapidly opened and closed with the re-circulating 
pump running, so that a small slug (of indeterminate volume) was introduced into the 
circulating flow. 
 
Field work 
The experiments described here took place on January 27 and 28, 2004 in Monterey Bay, 
California, using the RV Point Lobos, and the ROV Ventana as experimental platforms 
for equipment deployment and control. Bad weather on January 27 curtailed activities, 
and work on that day served mainly as a test to be assured that the system would yield 
reliable data, and to make small adjustments to the point of delivery of the acid so that the 
low pH water at the capillary tip passed once through the circulation loop to become well 
mixed before contacting the pH electrode surface. 
 



The procedure followed on January 28, 2004 was to dive the vehicle to 1000m depth, and 
carry out a set of three acid injections, followed by a series of three injections of highly 
CO2 enriched water. Both single strokes of the syringe, and double strokes, were used so 
as to examine the relaxation times at differing ∆pH. The cell configuration remained the 
same for all dives, and each experiment was allowed to run for 5 minutes. The vehicle 
was then brought to shallower depth, and the exercise repeated at 500m, and at 100m 
depth. 
 
Results 
The raw electrode output voltage obtained was first converted to pH by using the 
equation  

pH = 7 + (V out – offset)/(K x T x slope) 
 

where, Vout is the pH electrode output voltage, K=(R/F) x ln10 = 1.98416 x 10-4 VK-1, R is 
the gas constant (8.31434jK-1 mol-1), F is the Faraday constant (9.6486 x 104 Cmol-1), and 
T is temperature in degrees Kelvin. In the following discussion, all times are given in 
UTC as recorded by the ship/ROV experimental system. 
 
The first experiment at 1000m depth, T = ~4˚C, S = 34.517, was initiated at 18:02h with 
injection of single 90µL stroke of HCl. These single stroke acid injections were carried 
out three times, and then a double stroke was also done three times under same conditions. 
Our on–site review of the data revealed small inconsistencies in equilibration times, and 
this was traced to inadequate flushing of the dead space between the valves between 
experiments. Experimental procedure was therefore altered to adjust for this at other 
depths (Figure 4). 
 
Injection of CO2 enriched water at 1000m depth was initiated at 19:19h, after the HCl 
injection experiments were complete, and repeated 4 times. These indicate that the sharp 
peak of pH at the time of injection of CO2 enriched water is associated with the opening 
and closing of the hydraulic valve operation. We observed a system decrease about 0.2 
pH units immediately, followed by relaxation to a new equilibrium condition; the kinetics 
of this process includes both chemical equilibration and water mixing. We continued 
similar HCl injection and CO2 enriched seawater injection experiments at 500m depth, T 
= ~ 6˚C, S = 34.301, and 100m depth, T = ~ 10˚C, S = 33.683. The plots of pH versus 
time at 500m depth are shown in Figs. 4 and 5 for a series of HCl injection, and CO2 
enriched seawater injection, runs respectively. 
 
The relaxation to equilibrium was approached from different directions in these series 
once the initial large drop in pH occurred. Although both injection series result in 
lowered pH they differ in important details. For acid injection we change pH and 
alkalinity, but not the mass of CO2. For the CO2 enriched water addition we do not 
change alkalinity. For the acid addition the volume added is small and tightly specified. 
For the CO2 enrichments the volume is larger, and not precisely known. 
 
Both the forward and back reactions are proceeding simultaneously in each scheme. For 
the acid injection the system first overshoots, then trends to lower pH with time. This is 



consistent with formation of an intense cloud of CO2 at the point of injection, followed by 
slower hydration of the excess of CO2 molecules over the equilibrium value to form the 
equilibrium quantity of HCO3

-. 
For the HCO3

- enriched sea water injections the net result is a rapid decrease from 
injection of low pH water, followed by a slower increase in pH as the system equilibrates. 
This is consistent with removal of a temporary excess of HCO3

- over the equilibrium 
value. 
 
We have fit the data obtained to an exponential relationship. For the HCl injection 
experiments, the relaxation time (f) of a perturbation in pH is given by 
 

f = y0 + a*(exp(-b*t)) 
 

For the CO2 enriched sea water experiments we use the function 
 

f = y0 + a*(1-exp(-b*t)) 
 

 where in both cases t is the time in seconds, and y0, a, b are the determined coefficients.  
 

 The results of this analysis are shown in Figures 6 and 7 where representative 
equilibration curves in pH with time for an experiment at 500m depth are shown. 
 
In each case the relaxation time to a new equilibrium value was far shorter than that 
experienced in laboratory studies at one atmosphere at the same temperature. The results 
of the half-lives obtained from these in situ experiments, together with results from 
laboratory studies for comparison, are shown in Table 1. The coefficients derived are 
shown in Table 2. 
 
In each case the time to equilibrium observed was faster for the acid injection 
experiments than for the introduction of HCO3

- enriched sea water (Table 1). We 
hypothesize that this is due to the relative volume changes as equilibrium is approached. 
For an excess of free CO2 molecules converting to HCO3

- the ∆V is negative, and thus 
higher pressure favors the reaction. For an excess of HCO3

- the sign is reversed, and 
equilibrium is reached more slowly. Both these effects are small compared to the overall 
increase in rates observed. 
 
While the exact numerical values derived here are somewhat apparatus dependent there is 
one clear trend. In similar laboratory experiments of HCl injection to surface seawater at 
one atmosphere (Table 2), the trend of the relaxation times observed, as is widely known, 
is to become slower with decreasing temperature. In the in situ experiments in each case 
the relaxation time was faster at lower temperature. These experiments suggest that the 
high pressures in the deep sea have a strong impact on the equilibration time, overcoming 
the effect of lower temperature.  
 



Discussion 
The problems of very long times-to-equilibrium for the classic TCO2-alkalinity acid 
titration of sea water [Dyrssen and Sillen, 1967; Bradshaw et al., 1981] for small 
perturbations near the initial pH are familiar to most ocean chemists. It is in large part for 
this reason that most laboratory titrations are run at 25°C. At low temperatures the time 
scales are frustratingly long and thus the determination of the apparent stability constants 
of the CO2 system in sea water at low temperature is notoriously difficult.  Thus it was 
with some surprise that we first observed the extraordinarily speed with which 
equilibrium was reached at 4°C, but at 10 MPa pressure. 
 
Surprisingly, the reaction pathway for this system is not well known.  Johnson (1982) 
used transition state theory, in which the reactants are in equilibrium with an activated 
complex that dissociates to form the products, to correct his results on the rate constants 
for sea water, but did not specify the complex. The reaction involves breaking of one of 
the CO2 double bonds and is also accompanied by a bending of the CO2 molecule. The 
reaction is approximately athermic. 
 
An answer was provided by Jonsson et al. [1977,1978], who carried out ab initio 
molecular orbital calculations of the reaction H2O + CO2 → H2CO3, and the reaction OH- 
+ CO2 → HCO3

-, and identified a possible transition state (Fig. 8). They found no barrier 
to reaction in the gaseous state, and suggested that the slow reaction in solution must 
therefore be associated with solvation effects. Specifically they suggested that the 
transition state identified from the reaction with OH- in the gas phase should also be valid 
for the reaction H2O(aq) + CO2(aq) ↔ H2CO3(aq). We therefore hypothesize that the increase 
in reaction rate with pressure is associated with changes in the solvation sphere 
surrounding the dangling proton in the model of Jonsson et al. (1978). 
 
The exact value of the enhancement in rate due to pressure effects cannot be measured 
accurately here. The apparatus we have used is designed for in situ work, and cannot be 
easily adapted to laboratory studies. The precise response time of the system is dependent 
on experimental variables and is a diagnostic, not a fundamental, number. In fieldwork at 
a single site we cannot vary pressure and temperature independently. Nonetheless the 
rapidity of the observed time to equilibrium at depth provides convincing evidence of the 
feasibility of carrying out controlled deep ocean CO2 perturbation experiments that may 
help uncover the emerging effects of steadily increasing ocean acidification on marine 
biogeochemical and ecological systems. The surprising increase in reaction rate we have 
uncovered may have significance for the respiration of marine animals at depth. 
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Tables 
Table 1. Calculated half-life of relaxation time in pH.  
 

Temp Depth Relaxation time (1/2) Memo 
(degree)  (sec)  

4.2 Lab 187 HCl injection in Lab. 
9.0 “ 100 “ 
11.7 “ 87 “ 
13.8 “ 69 “ 

 
Temp Depth Mean Relaxation time 

(1/2) 
Memo 

(degree) (m) (sec)  
10 100m 57 (n=3) HCl injection in situ 
6 500m 29 (n=3) HCl injection in situ 
6 500m 49 (n=3) CO2 rich seawater  

injection in situ 
4 1000m 46 (n=4) CO2 rich seawater  

injection in situ 
 
 
Table 2. Coefficients of the equation of relaxation time in pH. 
 
Lab 
data 

Fitting curve 
Equation 

Parameters Memo 

  y0 a b  
 f=y0+a*(1-exp(-b*t)) 8.2418 0.1705 0.0037 HCl injection in Lab. 

 “ 8.0679 0.1886 0.0069 “ 

 “ 8.0869 0.1745 0.0080 “ 

 “ 8.0873 0.1934 0.0100 “ 

 
Depth Fitting curve 

Equation 
Parameters Memo 

(m)  y0 a b  
100m f=y0+a*(exp(-b*t)) 8.201 0.035 0.013 HCl injection in situ 

500m “ 7.616 0.011 0.028 “ 

500m f=y0+a*(1-exp(-b*t)) 7.377 0.071 0.014 CO2 enriched 
seawater injection in 

situ 
1000

m 
“ 7.255 0.063 0.016 “ 



Figures 
 

 
 

Fig. 1. The apparatus used for the field experiment. The pH electrode is mounted in the 
cell at left. In the center is the circulating pump. Just to the right of this are the two 
hydraulically controlled valve assemblies. At far right is the inverted clear plastic 
container used to hold a pool of buoyant liquid CO2. The handle mounted in the quiver at 
extreme right holds the sea water intake line, which may be positioned either to draw in 
normal background sea water, or CO2 enriched water formed beneath the liquid CO2 
surface. The small plastic syringe used for acid injection into the pH cell is seen mounted 
horizontally at lower center. 

 
 
 
 
 
 



 
 
Fig. 2. Line drawing of the flow scheme for the equipment shown in Fig.1, indicating the 
valve arrangement and injection techniques. 



 

 
 
Fig. 3. Screen image of the record of injection of 90µL 0.04N HCl into the pH cell. 
Reading from left to right the trace shows a stable reading of (uncorrected) pH of ~8.55, 
followed by a sharp drop to pH ~8.4 as the slug of HCl is inserted. The time to 
stabilization at the new, lower pH is assessed from analysis of the shape of the pH-time 
curve observed. After 5 minutes the valves are opened several times and the system 
flushed. The oscillating pH signal results from venting of low pH water trapped in the 
dead space between the inlet and outlet valves. A second experiment is then initiated, and 
the sequence is repeated. 
 



 
Fig. 4. The data record of pH changes from a series of three injections of acid at a depth 
of 500m. The pH electrode output is sampled at 2 Hz. Mixing in the cell accounts for the 
initial rapid ∆pH, and the chemical system then relaxes towards equilibrium with a time 
constant defined by the shape of the pH-time curve, which here trends to lower pH with 
time. This is consistent with formation of an intense cloud of CO2 at the point of injection, 
followed by hydration of the excess CO2 to form HCO3

-. 
 



 
Fig. 5. The equivalent data plot as for Fig. 4, but in this case a slug of sea water, highly 
enriched in HCO3

- by dissolution from a liquid CO2 interface, is drawn into the cell and 
re-circulated. The trend with time is to higher pH as the system adjusts to equilibrium. 
Both the forward and back reactions are proceeding simultaneously; the net result of a 
rapid decrease from injection of low pH water, followed by a slower increase in pH as the 
system equilibrates is consistent with removal of an excess of HCO3

- over the equilibrium 
value. 
 



 
 

Fig. 6. Plot of pH versus time observed for an acid addition experiment at 500m depth, 
with the derived coefficients shown. The near-instantaneous very large change in pH is 
not modeled; only the later part of the curve where a small fraction of the change is left is 
fit here. 
 
 
 



 
Fig. 7. The result of analysis of the relaxation time from addition of a slug of CO2 rich 
water at 500m depth. Note the different trend to the acid addition experiment shown in 
Figure 6.  
 
 
 
 
 
 
 
 
 
 
 



 
Fig 8. A possible transition state for the reaction of CO2 with H2O from Jonsson et al. 
(1978). Their model calculations showed an unusually long C-OH distance of 1.43 Α. 
Since there are no barriers to reaction in the gas phase solvation effects associated with 
the hydration sphere of the dangling proton provide a plausible explanation of the slow 
hydration rate observed at one atmosphere. 
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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 4 km 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.

r 2004 Elsevier Ltd. All rights reserved.

Keywords: Laser; Raman spectroscopy; Geochemistry; In situ analysis; Remotely operated vehicle
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
g author. Tel.: +1-831-775-1706; fax: +1-

s: brpe@mbari.org (P.G. Brewer).

front matter r 2004 Elsevier Ltd. All rights reserve

2003.11.005
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
d.
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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 CaCO3 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 CH4

and CO2 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 CO2 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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Fig. 1. MBARI’s remotely operated vehicle ‘‘Tiburon’’, in side

view. The base vehicle weight is 3084 kg. 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.
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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 1 h. 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
4 km 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
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 532 nm 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
Probe head

Optic bench

CCD

Laser

Power inverter

Single board
computer,
controller cards

ROV connection
(Power & Ethernet)

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 l4, 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 100–4000Dcm�1.
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
CO2, O2, N2), 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., 12C and 13C).

The selected instrument was a Kaiser HoloSpec
f/1.8i spectrometer (Owen et al., 1998) with a
holographic transmissive grating and a front-
illuminated cooled CCD camera with
2048� 512 pixels by Andor Technology. The
spectrum is split into two stripes on the face of
the camera, thus providing a mapping of 1 cm�1

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 B10X objective lens with a focal length
in air of B6.4 cm. When immersed in sea water the
dome-shielded optic provided a 10 cm working
distance for target placement from the outer face
of the glass dome. The immersion probe consists
of a 2 mm focal length lens integrated into a
25.4 cm long metal tube with a plane sapphire end
window and a working distance that is variable
over a range of 1–7 mm 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.
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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 B20 cm.

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 mm 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 mm 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 35.5 cm 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 18 kg 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 mm diameter; the collection fiber is 100 mm
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, 25.4 cm in
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Fig. 4. The fiberglass pressure housing used for the power/

laser/computer system, and the incorporated components. The

housing is 100 cm long, 25.4 cm diameter. Fig. 5. The pressure housing used to contain the optical bench/

spectrometer. The housing end cap incorporates required

electronics and the environmental sensors for detecting

temperature and humidity.
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diameter and weighs 62.6 kg fully assembled. The
cylindrical portion of the vessel is a monofilament
wound fiberglass reinforced resin 2.5 cm thick lay-
up design. 4.4 cm thick removable aluminum end
caps complete the assembly. All electronic units
are mounted on an internal central aluminum web
for support and stabilization. A wheel structure is
mounted on each end of the web to position the
assembly inside the pressure vessel.

One early design decision was to maintain the
original KOSI optical bench layout. While this led
to significant design challenges for packaging the
system, it enabled us to focus efforts on fielding an
instrument rather than on spectrometer redesign.
The configuration posed a challenge for pressure
vessel design because of the 90� orientation of the
charged-coupled device (CCD) camera in relation
to the optical components (Fig. 5). Preliminary
finite element analysis (FEA) of different designs
showed size, weight and applied load to be the
main drivers, given the load carrying capacity and
space constraints of the ROV. Reviewed options
for housing material included Titanium 6AL4V,
Stainless 17-4PH, Composite Carbon Fiber and
Aluminum 7075. The final selection of Aluminum
7075-T6 was based on its superior properties in
yield strength, ease of manufacture, cost, and
weight. The final design selection was a unique
multi-part assembly that used classic ring stiffened
design to provide stiffness for the protruding 90�

arm where it intersects the main cylinder body
(Fig. 5). The hemispheric end bell provides super-
ior performance at reduced weight as compared to
a flat end cap, and also provides space for
accommodating essential wiring and components.
At the opposite end the truncated hemisphere
provides added strength, and a housing surface
that can support connector penetrations.

The main body of the housing is 76 cm long,
including the hemispherical end caps, and 32 cm
diameter. The camera extension is 22 cm long and
20 cm diameter. Total weight of the assembled
spectrometer pressure vessel is 78.5 kg. The vessel
was machined from 7075 aluminum and has been
hard anodized and Teflon impregnated to retard
corrosion. The optical bench is held in place inside
the pressure vessel by internal jackscrew clamps.
Electronic components are mounted both in the
hemispherical end cap and under the optical
bench.

2.2.3. Temperature and humidity

The Raman spectrometer is designed to operate
over an ambient temperature range from 0�C to
50�C. Temperature and relative humidity in each
of the two major equipment pressure vessels is
monitored and the data incorporated into the data
stream sent through the single mode fiber of the
vehicle umbilical via 10BASE-T Ethernet.

An early design concern was ensuring effective
heat transfer from the cooled CCD camera during
long dives with high duty cycles, particularly in
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warm water masses. Initial heat transfer calcula-
tions showed that the densely packed housing
provided little air for the fan to move primarily
because of the housing design requirement of a 90�

extension arm, raising the possibility of sub-
optimal operation. The end result of operating in
a non-optimal temperature range means increased
dark current (essentially leakage of charge into the
pixel area that equates to system noise). Dark
current is very dependent on temperature and
halves in value for approximately every 6�C drop
in temperature.

In normal laboratory operation the CCD is
cooled to �40�C using an onboard thermoelectric
cooling unit and fan; with the addition of water-
cooling the array can be cooled to �80�C. A
decision was made to design a heat exchanger that
would be modular and could be added as
necessary for warm water dives. A water-cooled
heat transfer assembly was designed into the
system that allows for water to circulate to cooling
fins, which are external to the housing and cooled
by ambient seawater. The water is run in a
continuous loop returning to the CCD array at
0.75 l/min. Use of this additional cooling feature
has so far not been necessary.

The temperature inside the spectrometer pres-
sure vessel when it is deployed and operating in the
deep ocean runs 2–3�C above ambient ocean
temperature. At 3600 m depth, 1.6�C, the mea-
sured ambient temperature inside the spectrometer
pressure vessel was B4�C. When operating in the
laboratory with the spectrometer pressure vessel
sealed the inside temperature stabilizes at 5–7�C
above room temperature.

The temperature inside the electronics pressure
vessel when it is deployed and operating in the
ocean stabilizes at 5–10�C above ambient ocean
temperature. When operating in the laboratory,
with the electronics pressure vessel sealed, the
inside temperature stabilizes at 7–13�C above
laboratory ambient.

Four or five small packages of desiccant are
added to both pressure vessels in preparation for a
dive. With the desiccant, the internal relative
humidity of both sealed pressure vessels runs at
less than 10 percent (at 2�C) of internal vessel
temperature and less than 20 percent at 20�C
normal laboratory air. All of the above run
conditions are well within the manufacturers
specifications.

2.2.4. Accommodation on carrying platforms

The accommodation of the DORISS instrument
into a vehicle payload poses significant demands.
MBARI utilizes two ROVs (www.mbari.org/dmo/
vessels/vessels.htm) on which the spectrometer can
be deployed to support research in the deep ocean.
Each vehicle has a tool-sled with sliders for
instrumentation drawers to accommodate the
payload (Fig. 1). The ROV Ventana is rated to a
depth of 1800 m and has a useful science payload
of 272 kg in air. The ROV Tiburon (Fig. 1) is rated
to a depth of 4000 m and has a useful science
payload of 220 kg in air. Ventana provides 2.5 kW
at 120 VAC, and Tiburon provides 200 W at
48 VDC and 5 kW at 240 VDC. Both ROVs
provide instrument control through 10BASE-T
Ethernet.

The electronics and spectrometer pressure ves-
sels are mounted in an aluminum frame drawer
that has a single cable interface to each ROV. The
drawer and cabling can be completely installed on
or removed from either ROV in less than 30 min.
The probe head unit is carried in a location where
it may be accessed by the ROV manipulator arm
for signal acquisition from the target of interest.
The total Raman system weight, including all
interconnecting cables and the drawer is 211 kg.
Plans to significantly reduce weight are in pro-
gress.

2.2.5. Data acquisition and processing

A single board computer, and several PCI
expansion cards for remote control of the system,
reside in the electronics housing. A standard
desktop computer with 10BASE-T Ethernet is
used topside to communicate with the single board
computer, and to analyze, display and store the
spectral data using Kaiser’s Holograms software.
The data can also be exported to GRAMS,
Microsoft Excel, and Matlab software packages
for further analysis and manipulation.

http://www.mbari.org/dmo/vessels/vessels.htm
http://www.mbari.org/dmo/vessels/vessels.htm
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2.2.6. Calibration

The DORISS system is calibrated in the lab
(ship or shore) prior to each deployment. The
calibration is necessary because the system is
routinely dismantled and reassembled into its
pressure housings for each cruise, causing calibra-
tion changes of the instrument. In the present
design the CCD camera must be removed from the
optic bench when installing the spectrometer in its
pressure housing. When the camera is remounted,
the pixel positions can shift by as many as 50 pixels
from their previous location (in both the vertical
and horizontal directions). This is due to toler-
ances in the camera mounting holes. The calibra-
tion kit supplied by Kaiser Optical includes a neon
source for wavelength calibration, a tungsten
source for intensity calibration, and a cyclohexane
standard to verify the laser wavelength (Tedesco
and Davis, 1999).

Vibrations and temperature changes can also
affect the calibration of the system, typically by a
few pixels, which necessitate a calibration refer-
ence during deployment. The temperature changes
experienced during deployment differentially con-
tract the components, and may cause small
changes in physical alignment. In order to check
this, two in situ calibration routines were devised.
Isopropanol contained in a small glass vial with
pressure compensation reservoir was carried down
with the ROV, and placed in the optical path by
the vehicle manipulator whenever a calibration
check across the entire CCD detector was desired.

The isopropanol-based calibration method was
supplemented by a version of the diamond
standard approach of Zheng et al. (2001). A small
diamond plate was placed in the beam path within
the probe head, but considerably off-focus. This
placement moderated the extremely strong scatter-
ing efficiency of the diamond, and assured that a
weak but readily detectable diamond 1332Dcm�1

band was present in all spectra. The diamond
undergoes cooling with the system, but remains at
atmospheric pressure. Schiferl et al.(1997) have
shown that for changes in temperature of 20–2�C,
typical for deep ocean deployment, the diamond
band shifts by only B0.2Dcm�1. Our laboratory
tests confirm the modest spectral sensitivity of
diamond to temperature changes. Thus this
approach provides an effective spectral standard
for peak position at all times.

2.3. Remaining technical challenges

There are areas that need improvement, and
that are now being addressed. The present
procedure uses laser spot positioning by robotic
arm placement. This does not enable the precise
positioning of the beam required for many
operations, and thus spectra of large transparent
objects are at present far easier to obtain than
those of small opaque objects. Improved laser
focusing will be achieved by the addition of a
precise positioning unit that can be off-loaded
from the vehicle on to the sea floor so as to
decouple the probe head from any vehicle motion.
This will allow three-dimensional positioning of
the laser focal point with high precision on targets
of interest.

This first generation DORISS system is suffi-
ciently bulky and heavy that it forms a complete
ROV payload, rather than one that would ideally
be carried along with other observing tools. This is
due in large part to our selection of a standard
commercial Raman system for the initial develop-
ment. The L-configuration of the Kaiser optical
bench, with the CCD camera at right angles, is
responsible for much of the added size/mass since
this dictated the use of a heavy and complex
pressure vessel to contain it. In principle signifi-
cantly smaller designs are possible (Dickensheets
et al., 2000; Wang et al., 2003), although their
implementation as a deep-sea instrument will pose
challenges.
3. Spectral acquisition techniques

We have now used the DORISS system success-
fully on more than 20 deep-ocean dives, with the
emphasis of our efforts being primarily on instru-
ment development. We report here on lessons
learned from four in situ case studies, in which we
examine materials with known Raman character-
istics, and demonstrate successful spectral recovery
from the deep ocean. We provide a brief rationale
of the criteria for material selection; further
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with the immersion optic in the laboratory. The upper panel

shows the full spectrum; the center panel focuses on the sulfate

and nitrogen peaks. The nitrogen signal has not been corrected

for the air contained in the immersion probe itself. The lower
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upper trace from 25 m depth, showing the fluorescence from
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discussion of spectroscopic issues is given in
Pasteris et al. (submitted).

3.1. The Raman signal of sea water

The Raman spectrum of sea water is present to
some degree in virtually all of our work. For-
tunately the spectrum is simple, and easily
characterized. Sea water is a solution (B0.5 M)
of 11 ‘‘major ions’’ (present at 1 mg/kg or greater),
plus a host of other inorganic and organic species
at trace concentrations. Most of the major ionic
species are Raman inactive. The pH of sea water
varies between 8.3 and 7.6, and it is buffered by a
dissolved CO2 system of about 1.8–2.4 mM. The
principal oceanic CO2 system component is
HCO3

�, and this is only weakly Raman active.
The fluorescence of sea water when excited with
wavelengths between 350 and 550 nm is well
known (Coble, 1996; Chen, 2000), and we had
early concerns that this might interfere with the
Raman signal. This has not been the case with the
532-nm DORISS system developed here, and all
sea water signals recorded below 200 m depth are
remarkably free of fluorescence interference.

Raman spectra of sea water acquired in the
laboratory, near surface, and at 3600 m depth, are
shown in Fig. 6. The Raman spectrum of water
has been extensively studied (Walrafen, 1964).
Three main modes are designated: the n1 sym-
metric (OH) stretch near 3450Dcm�1, the n2 H–O–
H bending mode near 1640Dcm�1, and the n3

water antisymmetric (OH) stretch mode near
3615Dcm�1. Walrafen (1964) also assigned four
additional modes that yield weak Raman signals at
60, 175, 450, and 760Dcm�1 associated with a
cluster of a central water molecule surrounded by
four hydrogen-bonded water molecules. The Ra-
man spectrum of water is thus well known.

In principle it is possible to determine the
concentration of dissolved gases in aqueous
solution (Berger et al., 1995) by Raman spectro-
scopy. The possibility of detecting the dissolved N2

signal (B2328Dcm�1) is small due to both its low
concentration and to the fact that N2 gas in air is
present in the probe head as a competing signal. In
later experiments we have filled the probe head
space with helium to remove this possible ambi-
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Fig. 7. Image of the in situ gas phase experiment at 255 m

depth, showing the immersion probe optic installed in a

10� 10� 10 cm3 gas cube. The gas handling lines and

connectors are visible on top of the cube. In this image the

vehicle lights, normally turned off for acquisition of spectra,

have been turned on, and the gas is being vented so that the gas/

water interface now lies above the probe tip.
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guity. Both sulfate, and N2 gas, are conservative
properties of sea water and typically show
negligible variability. The presence of purely ionic
dissolved species (Na+, Cl�, Mg2+, etc.) does not
yield Raman bands.

The only other obvious signal is that of the S–O
stretch (B981Dcm�1) of the sulfate ion. Sulfate is
present at 28 mM concentration in sea water of 35
salinity. Since sulfate ion is a conservative
component of oxygenated sea water it may well
serve as a reliable concentration reference, and as a
spectral reference peak. This will be true only if the
Raman signal shows no significant dependency on
speciation, temperature, and pressure. There is
now a very large literature on this point (Appen-
dix) stimulated by questions over the pressure
dependence of the anomalous sound absorption of
sea water by relaxation of the solvent separated
Mg–H2O–SO4 ion pair. From this literature we
can assume that the sea water sulfate Raman
signal we observe is indeed a reliable concentration
and frequency shift marker. Only very simple
applications have so far been made of the field use
of the sulfate Raman signal (Murata et al., 1997),
such as confirmation of the near-conservative
nature of sulfate ion during estuarine mixing.

By contrast the sulfate signal in sediment pore
waters can show strong gradients that contain
important geochemical information (Borowski
et al., 1999), and thus pore waters present
important future targets for Raman profiling.

There have been efforts (Abbott et al., 1982;
Masutani et al., 1995) to observe the background
oceanic CO2 signal by Raman spectroscopy; all
three major dissolved species of the carbonate
system (dissolved CO2, HCO3

�, and CO3
2�) have

Raman active modes, but we have not yet detected
these signals in normal ocean waters.

3.2. An ocean Raman gas experiment—N2+CO2

One application where no sea water background
signal occurs is in the analysis of free gas, in which
the immersion probe can be fully surrounded by
the phase of interest. Laboratory work has shown
that Raman spectroscopy is exceptionally well
suited to gas phase analyses of interest to
geochemists (Diller and Chang, 1980; Seitz et al.,
1993, 1996). Gas vents occur on the sea floor,
emitting plumes primarily of methane with traces
of higher alkanes, and techniques for their in situ
analysis are of interest. Oceanic gas injection of
either CO2 (Haugan and Drange, 1992), or N2/
CO2 mixtures has been proposed (Saito et al.,
2000) as a CO2 disposal mechanism, where the
B10x higher solubility of CO2 compared to N2 in
sea water at moderate depth (200–400 m) may be
used to effect a separation of the gases so that a
dense, sinking CO2 rich fluid is formed, and the N2

gas is released. This gas system appeared to offer
an in situ experiment with a simple optical
path with well-known Raman characteristics
(Nakamoto, 1997) that was suitable for explora-
tion. In Fig. 7 we illustrate an experiment in which
a gas mixture was released into a small box, open
to the ocean at the bottom, and with the Raman
immersion probe inserted horizontally and pene-
trating the wall of the box so that the probe tip was
fully surrounded by gas. This mimics collection
procedures in which gas venting from the sea floor
is collected in inverted funnels before transfer to
evacuated pressure cylinders for recovery and
analysis. A Raman spectrum obtained at 300 m
depth is shown in Fig. 8. The simplicity of the
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Fig. 9. Raman spectrum of a pool of liquid CO2 on the sea

floor at 3607 m depth, obtained with the stand-off optic. The

Fermi diad peaks define the CO2 signal; the O–H stretch signal

results from sea water in the optical path, although not within

the focal volume of the lens. The broad hump beyond the O–H

stretch band results from fluorescence from organic matter in

the surficial marine sediments.

P.G. Brewer et al. / Deep-Sea Research I 51 (2004) 739–753 749
optical path, and the rapid response of the system,
indicate that with suitable scaling of gas-liquid
ratios it should be possible to quantitatively
determine in situ mass transfer coefficients by this
method.

3.3. Liquid phase studies—CO2

There are significant vents of fluids into the
ocean that provide targets for a Raman spectro-
scopic probe. For example there are potent fluids
at hydrothermal vents and other seeps with
potentially very strong Raman signatures. Access
to such sites is only available to us on an
expeditionary basis, and thus we sought other
experimental targets for fluid analysis in order to
test the DORISS system.

We have carried out a program to study deep-
ocean CO2 injection techniques for some time now
(Brewer et al., 1999, 2002b), and the experimental
availability in local waters of this unusual hydrate
forming fluid offered a unique opportunity to
spectroscopically analyze a non-aqueous liquid on
the ocean floor. The relatively large experimental
volume and transparent nature of liquid CO2

provided an operationally easy target for the early
stages of development of Raman procedures. We
have obtained spectra (Brewer et al., 2002c) of
liquid CO2 on the sea floor (Fig. 9) at 3600 m
depth, 1.6�C, during hydrate formation and
dissolution rate experiments. We were not yet
successful in obtaining unambiguous spectra of
CO2 hydrate, even though it was clearly visible in
our experiments. The reason for this appeared to
be that the hydrate phase was intermixed with
excess liquid CO2, and that focusing of the beam
purely within the relatively thin hydrate film posed
operational difficulties. Plans for more precise
laser spot positioning and focusing are under
development.

The spectrum shown in Fig. 9 reveals only the
CO2 signal, in addition to the bands due to sea
water. Equilibrium calculations show that the non-
polar nature of liquid CO2 should result in the
strong partitioning of other non-polar compounds
(the principal dissolved gases, and some fraction of
marine dissolved organic matter) from sea water
into the CO2 phase. We have not yet detected such
signals. However equilibrium also dictates that the
CO2 should react with water to form a solid
hydrate, and while this has been observed as a
rapid reaction (Brewer et al., 1999), the specimen
here remained primarily in the liquid state
throughout the observing period of several hours.
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We predict that the Raman spectrum of CO2

hydrate formed in natural seawater should reveal
signatures of the incorporation of N2 and O2 from
the dissolved phase, and we plan such experiments.

3.4. Solid mineral Raman signal acquisition—

calcite

Raman spectroscopy has the unique advantage
of enabling in situ identification of mineral species
in the ocean, ranging from filtered suspended
particles and hydrothermal precipitates to igneous
and sedimentary rocks. However achieving this
poses substantial scientific and operational chal-
lenges. The principal challenge for our system at
this stage of development is the precise and stable
location of the laser focal point on a target of
interest for the several tens of seconds it takes to
acquire a spectrum. We have so far relied upon
positioning by vehicle robotic arms, and these are
not only insufficiently steady but may also exhibit
occasional erratic motions strong enough to break
the probe head. Moreover the ROV itself possesses
vibrations, and is forced by local ocean velocities,
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selected was a silicon wafer. The signal intensity of the 520.6Dcm

incrementally closer to the sample, ultimately reaching the optimum

position on the X-axis) and then residing at a distance less than the foc

values indicate the range of movement possible in order to still acquire

The results indicate that the immersion optic is much more sensitive
so that maintaining o1 mm positioning precision
is unlikely. The need for precise focusing is
illustrated by a laboratory study (Fig. 10) in which
sampling optics identical to those used for the
fieldwork were used to investigate the depth-of-
focus in obtaining the Raman spectrum of a silicon
wafer. Careful adjustment of the distance between
the sampling optics and the opaque sample surface
showed the need for position-control to better
than 1 mm for the stand-off optic and better than
0.2 mm for the immersion optic in order to acquire
a signal at least as strong as one-half the signal at
optimum focus. Such precise beam positioning
poses challenges for obtaining spectra from
opaque targets on the sea floor. This problem is
being addressed by the creation of a small off-
loadable positioning unit, controllable from the
ROV, which will decouple the probe head from
vehicle motions and permit precise and steady
beam location on targets of interest.

As one example of the potential of this
technique we elected to measure a semi-transpar-
ent solid, where the strictures on beam positioning
are somewhat relaxed. We transported several
0 1 2 3

nter of  Focus (mm)

lid for the two probe heads illustrated in Fig. 3. The specimen
�1 band of silicon was monitored as the probe was moved

focal position (maximum count rate on the Y-axis, 0-point

al distance. The reported full-width at half-maximum (FWHM)

at least half the count rate obtained at the actual focal distance.

to focus than is the stand-off optic.
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mineral specimens to 663 m depth, attached to a
circular frame that was placed on the sea floor.
The stand-off optic configuration was used, and
the probe head was placed with the laser beam
horizontal and gently adjusted by the vehicle
manipulator until the Raman signal was max-
imized. In Fig. 11 we show the spectrum obtained
in situ of a calcite rhomb. There is only a very
small sea water contribution to the spectrum
obtained (spectral region not shown in Fig. 11).
Hydrated and hydroxylated minerals tend to have
O–H stretch bands that are much narrower than
the O–H stretch from sea water and thus would be
readily distinguishable from those of sea water.
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Fig. 11. Upper panel: an image showing ROV arm placement

of the DORISS probe head on the sea floor (663 m depth), so as

to decouple it from vehicle motions. This allowed adjustment

by the vehicle arm to locate the laser focal point within the

volume of a rhomb of calcite. The calcite specimen is attached

to a circular mount of B45 cm diameter. Lower panel: the

Raman spectrum obtained by the procedure illustrated above.
4. Conclusions

The DORISS system we have described here has
successfully obtained high quality Raman spectra
in real time from ocean depths down to 3600 m
(36 MPa; 1.6�C) from gases, liquids, and mineral
solids emplaced in the ocean, and of the signal of
sea water itself which permeates our working
environment. The integration of remote vehicle
operations/ergonomics with Raman techniques is
not intuitive, and this has been a significant
scientist/engineer/pilot team effort. This essentially
completes the testing phase of the system, and
application to geochemical problems on an ex-
peditionary basis, and on the essential correlated
laboratory studies, is now proceeding.

Finally we note with pleasure that it was an
ocean voyage that originally inspired C.V. Raman.
A charming account of this is given in his
acceptance of the 1930 Nobel prize (Raman,
1930) for physics: ‘‘A voyage to Europe in the

summer of 1921 gave me the first opportunity of

observing the wonderful blue opalescence of the

Mediterranean Sea. It seemed not unlikely that the

phenomenon owed its origin to the scattering of

sunlight by the molecules of the water.’’ Modern
optical oceanographers now know far more about
this phenomenon, and the anecdote is simply of
historical interest. Raman took many sea voyages,
and wrote papers while at sea, giving ships and
harbors as his address (Venkataraman, 1988). It
thus seems fitting that ocean scientists should now
seek to take advantage of the remarkable devel-
opments in this field.
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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–H2O–SO4

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 MgSO4

solutions of B0.5 M at room temperature show
the strong n1 stretching band at 981Dcm�1, and a
weak shoulder on the peak at around 995Dcm�1

resulting from Mg–SO4 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 (B4%) of Mg–SO4 contact ion pairs in
sea water, does not affect our observed signal.
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INTRODUCTION

The deep ocean is a demanding
environment to the analyst,
one that contains fine particles

of degraded organic matter and is
characterized by high pressures
(about 360 atmospheres at 3.6 km
depth), low temperatures (down to
;2 8C), and a high concentration
(3.5 wt %) of corrosive salts. Such
conditions make it difficult to ana-
lyze in situ interesting and important
geologic materials and dynamic pro-

*Author to whom correspondence should be
sent.

cesses on the ocean floor, such as the
fluids and solids that issue from hy-
drothermal vents, the rocks that are
formed by undersea lava eruptions,
the skeletons and shells of calcare-
ous animals such as corals and
clams, and ice-like clathrates that
form when natural gas seeps upward
through the ocean-floor sediments
and into the water column above.
Because some of the phases of inter-
est are not stable once they are
brought to the surface and exposed
to ambient pressure, temperature,
and high oxygen concentration, only
an in situ analytical technique can

enable detailed investigation of the
ocean environment.

Raman spectroscopy is well suited
to meet some of the challenges of
analysis on the ocean floor: the tech-
nique is very amenable to materials
that reside in an aqueous environ-
ment (in contrast to infrared spec-
troscopy1); analysis is possible on
solids, liquids, gases, and dissolved
species; and modern Raman instru-
mentation has fiber-optically coupled
components that can be encapsulated
in pressure-resistant housings for op-
eration underwater.

In the present paper we report on
the development, modification, cali-
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bration, deployment, and first suc-
cessful applications of the deep-
ocean Raman in situ spectrometer
(DORISS), which is based on a lab-
oratory-model laser Raman spectro-
scopic system from Kaiser Optical
Systems, Inc. (KOSI). This paper
documents some of the analytical
successes to date and discusses some
of the challenges that lie ahead.

SCIENTIFIC INTERESTS IN
THE SEA FLOOR AMENABLE
TO RAMAN SPECTROSCOPY

The selection of the components
for the deep-ocean Raman system
was determined by the anticipated
analytical requirements and chal-
lenges posed by our scientific inter-
ests. Those interests include the min-
eralogy of the sea floor and the
chemistry of pore water, gas seeps,
and sea floor vents. We would like
to monitor gas vents for such species
as CH4, CO2, CO, H2S, and H2 and
to distinguish speciations that are
sensitive to oxygen concentration
(e.g., CH4 vs. CO2, sulfate vs. sul-
fide) and pH (e.g., HCO3

2 vs.
CO3

22). We also want to make time-
and spatially resolved measurements
of the ocean chemistry, e.g., inves-
tigate gradients in dissolved gases,
such as CO2, and dissolved aqueous
complexes, such as sulfate and car-
bonate. The concentrations of such
species typically are homogeneous
and unchanging in the deep ocean.
When there are compositional vari-
ations and concentration gradients,
however, such as may exist around a
hydrothermal vent, they are often
transient. They need to be recorded
quickly by an in situ technique, such
as Raman spectroscopy, that does
not disturb the compositional distri-
bution.

Other interests include the identi-
fication of biologically precipitated
solids such as elemental sulfur pro-
duced by bacteria such as Thioploca
and Beggiatoa,2 the distinction be-
tween the biologically produced
CaCO3 polymorphs aragonite and
calcite, the identification of various
manganese oxide phases, and the in-
vestigation of phosphate minerals
and deposits on the sea floor. Other

solids of interest on the sea floor in-
clude the silicates quartz and feld-
spar, as well as the iron oxides mag-
netite and hematite.

Another oceanographic interest
amenable to Raman spectroscopy re-
volves around clathrate hydrate
phases, which incorporate methane
and/or carbon dioxide into their
structure. For the past several years,
researchers at the Monterey Bay
Aquarium Research Institute (MBA-
RI) in Moss Landing, California,
have been carrying out experiments
related to the ocean sequestration of
carbon dioxide.3–6 The latter research
addresses the attempt to develop
large-scale strategies to limit the
growth of greenhouse gas in the at-
mosphere by placing it in geochem-
ically stable environments.7–9 The
ocean already absorbs over seven gi-
gatons of fossil-fuel-derived CO2 per
year by uptake from the atmosphere.
It is well known that at sufficient
pressure (i.e., depth, in the ocean)
and at temperatures above (but ap-
proaching) the freezing point of wa-
ter, both natural gas (methane) and
CO2 will interact with seawater to
form clathrate hydrate, which is an
ice-like phase in which gas mole-
cules are trapped in crystalline cages
formed by the H2O molecules.10–12

Therefore, for the past several years,
researchers at MBARI have been us-
ing remotely operated vehicles
(ROVs) to release liter-scale
amounts of liquid carbon dioxide
into the deep ocean, where they have
monitored its dissolution, downward
percolation into sediments, and for-
mation of clathrate hydrates3,4 with
ROV imaging technology. In future
experiments, the newly developed
DORISS system will be used to
make specific geochemical measure-
ments on the liquid CO2, the sea-
water surrounding the CO2, the na-
ture of CO2 clathrate hydrates, and
the sediments that potentially inter-
act with the CO2.

THE CHALLENGES

Deployment of the DORISS
down to a Depth of 3.6 km. The
encapsulation of a Raman spectrom-
eter in a pressure-resistant, water-

tight housing and its successful de-
ployment by a remotely operated ve-
hicle (ROV) on the ocean floor are
challenging tasks. An ROV is an in-
tegrated, unmanned submersible that
is connected to the research ship on
the ocean surface via a tether con-
taining copper power conductors and
fiber-optic cables. An ROV can be
lowered through the water column
(at a speed of 20–30 m/min) to a
depth as great as 10 km and then
landed on the deep ocean floor (Fig.
1). The ROV is equipped with lights
and video cameras, and its position
can be determined to within a few
meters via acoustic navigation sys-
tems on the research ship. MBARI
operates two research ships (R/V
Western Flyer and R/V Point Lobos),
which are equipped with two differ-
ent ROVs (Tiburon and Ventana).
The ROV Tiburon measures 3.0 m L
3 2.4 m H 3 1.8 m W and has a
maximum weight of 3356.6 kg, in-
cluding a payload of 499 kg.

The lower part of the ROV con-
sists of a modular tool sled with
drawers that carry mission-specific,
pressure-resistant, and water-tight
payloads and instrumentation, such
as the DORISS described here. The
ROV has robotically controlled ma-
nipulators that are operated by spe-
cially trained pilots from the control
room in the research ship. These ro-
botic arms, which have a range up to
2 m from the ROV, can be used to
precisely move mission-specific
equipment (e.g., animal cages) or an
instrument (e.g., the probe head of
the DORISS) on the sea floor. The
position of the DORISS probe head
can be manipulated with an accuracy
of a few centimeters via the ROV’s
robotic arm and the skills of the hu-
man pilot in the control room of the
research ship. Video imaging of the
lighted underwater scene enables se-
lection of the sample of interest fol-
lowed by the proper positioning of
the probe head near the sample’s sur-
face in order to make an analysis.
The video cameras are mounted on
the ROV, and images are monitored
live by both the ROV pilots and sci-
entists in the ship’s control room.
The dynamic display of the Raman
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FIG. 1. Schematic overview (not to scale) of the sampling and data-communication
systems of the deep-ocean Raman in situ spectrometer (DORISS) system. The remotely
operated vehicle (ROV) is tethered by copper wiring (electrical) and fiber-optic bundles
(communication) to the research vessel. DORISS’ electronics and spectrometer housings
remain in the tool sled of the ROV, whereas the probe head is held by the robotic arm
and moved to the sampling site.

spectrum can also be observed live
on a dedicated computer in the ship’s
control room. This real-time feed-
back helps guide the optimum posi-
tioning of the Raman probe head
with respect to the target sample.
The number of spectral acquisitions
and the collection times can be con-
trolled in real time, as in the labo-
ratory, via a 10 Base-T Ethernet link.
Raman spectra can be acquired not
only while the instrument is station-
ary on the sea floor, but also during
descent and ascent of the ROV.

In April 2002, the DORISS was
deployed to the deep ocean for the
first time, in the tool sled of the ROV
Tiburon. Since then, both of MBA-
RI’s ROVs have been involved in
more than twenty-five additional
successful deep-ocean deployments,
most of them in Monterey Bay off
the coast of California and several of
them in the Gulf of California, in
Mexico.

Our research team consists of two
groups. The engineering develop-
ment and the oceanographic program
were carried out by the group at
MBARI; most of the laboratory
work was carried out by the group at
Washington University in St. Louis.
Both groups participated in the ini-
tial field experiments in the deep
ocean of Monterey Bay.

Specification and Selection of
the Core Instrument. DORISS is
based on a laboratory-model, laser
Raman spectroscopic system from
Kaiser Optical Systems, Inc. (KOSI),
which is the core instrument. The
need for the DORISS to be placed
repeatedly at different sites on the
sea floor demanded the core instru-
ment to have as few moving parts as
possible and the laser to give a stable
output under the thermal conditions
pertinent to the ocean.

A frequency-doubled Nd : YAG
laser operating at 532 nm was cho-
sen (Coherent model DPSS532) be-
cause of its stability and its ability to
be cooled simply by thermal con-
duction through the high-pressure
housing and via its contained air. In
addition, the 532 nm excitation
wavelength was selected for its rel-

atively efficient propagation through
seawater.

The analysis of the wide range of
materials and processes of scientific
interest on the sea floor requires a
core Raman spectrometer that is
physically robust, measures the full
spectral range of 100 to 4000 Dcm21,
and has a resolution on the order of
3 cm21. A wide spectral coverage is
required so that data can be collected
in the low-wavenumber range (on
sulfur and typical minerals, which
incorporate inorganic complexes),
mid range (on volatiles such as CO2

and O2), and high range (for organic
compounds, CH4, and the OH groups

of clathrate hydrates and hydroxyl-
ated minerals such as zeolites and
clays). Appropriate resolution is
needed to distinguish mixtures of
phases with similar band positions,
such as carbonate minerals, and ex-
perimentally introduced or natural
materials with contrasting isotopic
signatures (e.g., 12C and 13C).

Our requirements were met by the
following base instrument: Kaiser’s
HoloSpec f/1.8i spectrometer with a
holographic transmissive grating; a
front-illuminated charge-coupled de-
vice (CCD) camera with 2048 3 512
pixels, by Andor Technology; and
Kaiser’s Mark II holographic filtered
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FIG. 2. Schematic view of the distribution of DORISS’ components among three pres-
sure-resistant housings: (A) electronics, (B) spectrometer, and (C) probe head. (The han-
dle on the probe head housing and the fiber-optic cables connecting the three hous-
ings are not shown here.)

probe head with two interchangeable
optical elements: a ‘‘dry’’ stand-off
optic (i.e., an ;103 objective lens
with a focal length in air of ;6.4 cm,
which resulted in a maximum work-
ing distance of 15 cm when project-
ed through a protective glass dome
into seawater); and a short-focal-
length immersible optic that consists
of an f /2.0 lens integrated into the
tip of a 25.4-cm-long metal cylinder
that is rated for temperatures of 240
to 280 8C and pressures of 0–204
atm.

Making the Core Instrument
Seaworthy. The core Raman instru-
ment was reconfigured to permit its
deployment in the deep ocean to
depths as great as 4000 m.13 The as-
received laboratory spectrometer,
plus a single-board computer and
power inverter, were re-packaged
into three pressure-tight housings:
the electronics housing, the spec-
trometer housing, and the probe-
head housing (Fig. 2). The electron-
ics housing holds the Nd : YAG laser,
a power inverter (48 VDC to 110
VAC), and a single-board computer
with the CCD controller card and
flash memory. The spectrometer
housing holds the spectrometer, the

CCD detector, and the associated
electronics. The probe head is con-
tained in a pressure housing with a
handle that allows the ROV’s robotic
arm to hold and move it, thereby
bringing the laser into focus on pro-
spective targets. In the case of the
dry optic, a ;1.3-cm-thick protec-
tive glass dome is used (Fig. 2),
through which the exciting laser
emerges. This protected dry optic
can be used at a depth of several ki-
lometers. For deployment of the
DORISS to depths as great as 2000
m, the immersion optic can also be
used. The tip of the immersion optic
projects directly into the water (this
optic not shown in Fig. 2).

An electrical cable connects the
DORISS electronics housing to the
ROV to provide power and com-
munications via Ethernet protocol
through the ROV tether to the sur-
face. For our application, Kaiser and
MBARI software engineers devel-
oped a remote protocol for control-
ling the instrument on the sea floor
via a computer in the research ship’s
control room. Two additional electri-
cal cables connect the electronics
housing to the spectrometer housing:
one connecting the CCD detector to

its controller card on the single-
board computer, the second provid-
ing power and other communica-
tions. The probe head is connected
to both the laser (in the electronics
housing) and the spectrometer via
pressure-tolerant fiber-optic cables.
The electronics and spectrometer
housings remain in the ROV’s tool
sled during the entire dive (see Fig.
1). The probe-head housing is car-
ried in a tool-sled drawer during de-
scent and ascent of the ROV, but
once the vehicle is on the sea floor,
the probe-head housing can be
picked up and manipulated by the
ROV’s robotic arm. The translation
distance (about 2 m) is limited by the
‘‘arm’s reach’’ and the lengths of the
fiber-optic cables that connect the
probe head to the DORISS spec-
trometer and electronics housings.

The difficulties of cold tempera-
tures and a corrosive, conductive,
seawater environment also pose
challenges that need to be addressed.
Temperature, humidity, and water
sensors were installed in the elec-
tronics housing and the spectrometer
housing to alert the researcher to
leaks before serious water damage
can occur. Knowledge of the instru-
ment’s temperature and other possi-
ble instrumental effects is very im-
portant for proper interpretation of
the spectral data. Packs of desiccant
are installed in both the electronics
and spectrometer housings to pre-
vent condensation of water vapor
onto critical components.

Seagoing instruments are often
subjected to significant jostling and
vibrations, unlike in a laboratory en-
vironment. In addition, between
ocean dives, the DORISS typically is
removed from its pressure housings
and taken apart for inspection, repair,
and cleaning. For these reasons, a
few components in the original core
instrument were removed and re-
placed with more robust compo-
nents. These parts included the laser
injector and the slit-optimization
mechanism. In the latter case, a mo-
torized single-axis stage was in-
stalled such that the slit position can
be optimized via remote control
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FIG. 3. Comparison of isopropanol spectra acquired with DORISS onboard the research ship in the Pacific Ocean (DORISS Deck),
with DORISS at 3600 m ocean depth on the ROV Tiburon (DORISS 3600 m), and with the duplicate laboratory Raman system at
Washington University (Laboratory). Data shown for both (a) the low-wavenumber and (b) the high-wavenumber spectral regions.
For these spectra, a 100 mm spectral slit was used on the laboratory instrument, but no slit was used on the DORISS. The broad
double-band feature at 3200–3500 Dcm21 arises from the intervening seawater.

while the spectrometer is enclosed in
its pressure-tight housing.

EXPERIMENTAL PROTOCOLS

Laboratory Simulations. Many
comparison measurements were
made with a duplicate KOSI Raman
instrument (not enclosed in pressure
housings, but with the same laser,
gratings, and CCD detector as the
MBARI instrument) in the laborato-
ry at Washington University in St.
Louis. Simulation experiments were
conducted at atmospheric pressure in
glass containers. In some studies, we
used a 38-liter aquarium tank filled
with artificial seawater. The probe-
head optics were identical to the two
types deployed on the DORISS (dry
stand-off optic and immersion probe
optic), except for the lack of a pro-
tective glass dome in front of the dry
optic. We analyzed synthetic seawa-
ter solutions at temperatures between
2 and 25 8C, mineral samples sub-
mersed in water, and gas mixtures
contained in glass vessels at ambient
pressure and temperature. Even
though we were able to simulate the
low temperatures appropriate to the
ocean floor using a laboratory cool-
ant system, we did not simulate in

our laboratory the high pressure that
is encountered on the deep ocean
floor, i.e., hydrostatic pressures ap-
proaching 400 atm at ocean depths
of about 4 km.

Calibration Routines. The Kaiser
Raman system, like many modern
Raman systems, can be purchased
with spectral calibration standards
(Ne lamp and white light for wave-
length and intensity calibrations, re-
spectively) and appropriate software
to allow automatic correction of each
spectral acquisition for both wave-
length and intensity. Such a system
works very well under laboratory
conditions: the two calibration lamps
are used and then a known spectral
standard (such as cyclohexane or
isopropanol) is analyzed as a so-
called ‘‘Raman-shift standard’’ to
complete the calibration protocol.
The unknown samples are run at the
same conditions, and the calibration
factors (position of the laser line, i.e.,
0 Dcm21 on the CCD detector; dis-
persion of the wavelengths across
the pixels of the detector; pixel num-
ber vs. intensity response) are auto-
matically applied to the resultant
spectra.

Effective calibration in deep-

ocean spectroscopy, however, is
more complicated. Although it is still
possible to carry out a calibration
shipboard immediately before the
DORISS is lowered into the ocean
(the procedure we have been follow-
ing), the calibration is affected as the
instrument moves downward: The
decreasing water temperature cools
and differentially contracts the com-
ponents of the laser, spectrometer,
and CCD detector. Moreover, the
pressure-tight housings flex slightly,
thereby affecting the physical align-
ment of the components. Our results
suggest that the above factors shift
the recorded band positions by sev-
eral wavenumbers and probably af-
fect the recorded band intensities dif-
ferently across the spectral window.

For the DORISS instrument, ab-
solute wavelength calibration with a
Ne lamp standard is performed ship-
board immediately before each dive,
which establishes the dispersion
function. This is followed by a ship-
board ‘‘Raman shift calibration’’
(i.e., relative wavenumber calibra-
tion) using both a liquid standard
(such as isopropanol in a glass vial)
and a solid standard (such as dia-
mond). Raman shift standards are
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FIG. 4. Comparison of spectral quality and peak positions measured with DORISS and with the well-calibrated duplicate laboratory
Raman system at Washington University. (a) Blow-up of one of the many Raman peaks for isopropanol. (b) Blow-up of the only
Raman active peak for diamond. The spectra were acquired with DORISS onboard the research ship in the Pacific Ocean (DORISS
Deck), with DORISS at 3600 m ocean depth on the ROV Tiburon (DORISS 3600 m), and at Washington University (Laboratory). The
laboratory instrument had a 100 mm spectral slit, whereas the DORISS had no slit for the acquisition of these spectra.

used for shipboard calibration im-
mediately before and immediately
after each dive.

As an additional aid to monitor
and evaluate dive-induced changes
in the DORISS instrument’s re-
sponse while submerged, we have
placed a small, polished diamond
chip within the probe head, but con-
siderably away from the focal point
of the laser.14 The extremely strong
Raman scattering efficiency of dia-
mond assures that the positioning of
a small diamond in the probe head
provides continuous monitoring of
the diamond’s band position as a Ra-
man shift standard, because the 1332
Dcm21 band is superimposed on each
spectrum. Because the diamond is
within the pressure-tight housing, its
Raman peak position is affected only
by temperature changes during the
dive. In our laboratory, a change in
sample temperature from 20 8C (as
on shipboard) to 2 8C (as on the sea
floor) results in a change of less than
0.2 cm21 in the position of the 1332
Dcm21 Raman band of diamond, as
predicted in the literature.15 The con-
tinuous monitoring of the diamond
band during a dive therefore pro-
vides information on the dive’s ef-

fect on the spectrometer and aids the
post-dive correction of the wave-
number calibration.

In some of our earliest dives, both
isopropanol and diamond standards
were taken down and measured
about once an hour at ambient in situ
sea floor conditions (Figs. 3 and 4).
The isopropanol standard was con-
tained in a pressure-compensated
glass vial connected to a deformable
plastic reservoir, and the diamond
chip was mounted on the outside of
the glass vial. On those dives, depth-
induced shifts in the band positions
were recorded not only for isopro-
panol and diamond, but also for sea-
water as a function of its pressure
and temperature, and thus its density.
The spectra for seawater as a func-
tion of depth were obtained by di-
recting the laser as it exits the probe
head (which is in the ROV’s tool
sled) into ambient seawater as the
ROV descended and ascended.

For the DORISS ocean deploy-
ments conducted during 2002–2003,
we determined that the wavenumber
calibration is displaced by up to
13.2 cm21 at 3600 m depth and 1.6
8C ocean temperature, with the exact
value slightly different for each dive.

The spectra shown in the present pa-
per (with the exception of those in
Fig. 6) thus have an uncertainty of 3
Dcm21 in accuracy of peak position.
Nevertheless, the precision (i.e., re-
producibility) of peak positions as
measured in situ on the sea floor is
excellent (0.4 Dcm21). In the dives
during the years 2002 and 2003, the
DORISS was calibrated for wave-
length only; a sea-floor intensity cal-
ibration has not yet been attempted.

Typical Analytical Conditions.
The analytical conditions varied
somewhat between dives depending
upon the laser output power, the Ra-
man scattering efficiency of the sam-
ple, the transparency of the water,
and the degree of focus of the laser
on the sample. The conditions of a
typical in situ analysis are: 10–25
mW laser power (measured output
from the probe head while DORISS
is still on deck; subsequent adoption
of improved laser injector compo-
nent permits more constant laser
power); 1–15 scans of 1–15 seconds
duration are averaged; spectral res-
olution is 6–8 cm21 when no slit is
used (resolution determined by the
100-mm diameter of the collection
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FIG. 5. Laser–sample interaction in three types of experimental configurations during
Raman analysis on the deep ocean floor: (a) CO2–water–hydrate ‘‘slush’’ in a beaker
on sea floor; probe head focused horizontally into beaker; (b) probe head focused
vertically down onto large, clear blob of CO2 that almost completely covers bottom of
corral; (c) robotic arm (vertical, black) holds probe head and brings the laser into fo-
cus on (and through) CO2–water–hydrate slush in graduated cylinder; large beaker of
similar slush lies on its side on ocean floor (bottom, left).

optical fiber), but 3–4 cm21 when a
50 mm slit is employed.

The laser typically remains on for
the full duration of the dive, i.e., dur-
ing descent and ascent, as well as
while the ROV is residing on the sea
floor. The laser appears as a focused
green light beam exiting the probe
head and can be captured live by the
ROV’s video cameras and watched
by the scientists in the ship’s control
room (Fig. 5). During acquisition of
Raman spectra, the ROV’s high-in-
tensity lights are typically turned off
so as not to interfere with the acqui-
sition of the Raman signal.

EARLY SUCCESSES OF THE
DEEP OCEAN RAMAN
SYSTEM

Fluids. Raman Spectra of Sea-
water. Among the first spectra ob-
tained with the DORISS were those
of seawater. An early concern that
did not materialize into a problem
was the possibility of a laser-induced
high fluorescence background in Ra-
man spectra taken in the deep ocean
due to either dissolved organic mat-
ter or particulate organic debris
(‘‘marine snow’’) that constantly
rains down through the ocean water
column.16 In practice, however, we
found that the fluorescence signal of
seawater was not overwhelming and
rarely approached in intensity that of
the Raman OH stretching bands of
water at about 3400 Dcm21.

The Raman spectrum of (ocean)
water (Fig. 6) is characterized by the
OH bend and stretch, centered at
;1640 and ;3400 Dcm21, together
with the n1 sulfate band (;981
Dcm21), as has been reported for ex
situ analysis of natural and synthetic
seawater.17,18 The covalently bonded
anionic complex, SO4

22, which has
an average concentration of 28 mM
in seawater, is readily recorded (Fig.
6). In fact, our laboratory Raman in-
strument can detect sulfate in sea-
water diluted to 0.057 times its nor-
mal salinity, i.e., 1.6 mM sulfate or
150 ppm sulfate. Although the pure-
ly ionic species such as Na1 and Cl2

do not yield explicit Raman bands,
the nature and concentration of dis-
solved salts have a measurable effect

on the band structure of water.19–21

This effect is illustrated by the dif-
ference in the OH bands of pure wa-
ter and ocean water, which has 35
g/kg dissolved salts, as shown in
Fig. 6.

Raman Spectra of Carbon Diox-
ide Introduced into the Deep
Ocean. Raman spectroscopy offers

one important means of monitoring
the composition of a CO2 stream that
may be introduced into the ocean,
e.g., in connection with studies of
ocean sequestration of CO2. In the
past, we have done Raman analyses
in the laboratory22 on pure CO2 en-
closed in a glass capillary under con-
trolled conditions of temperature (23
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FIG. 6. Comparison of the Raman spectra of deionized water (acquired with the labo-
ratory system at Washington University at room temperature) and ocean water (ac-
quired with the MBARI Deep Ocean Raman System at 3600 m depth and 4 8C). Inset
shows enlargement of 800 to 1900 Dcm21 spectral region. The laboratory system had
a 100 mm spectral slit, whereas the DORISS had no slit (resolution imposed by 100
mm collection fiber).

8C) and pressure (up to 700 bars).
In April 2002 we used DORISS to
make comparable pressure- and
temperature-dependent measure-
ments on 500–600 mL (measured in
liquid state) of essentially pure CO2,
which were injected underwater into
an inverted clear, soft-glass jam jar.
(The choice of container was forced
upon us by the exigencies of field
work.) The jar was mounted within
the tool sled of the ROV. The open-
ended, inverted jar permitted the
CO2 to equilibrate with both the
pressure and temperature of the sur-
rounding seawater as the ROV de-
scended to 664 m depth at 5.2 8C and
then returned to the surface. The jar
underwent video monitoring during
the entire experiment. During the
initial descent of the ROV, CO2 was
introduced in several aliquots (be-
ginning at 200 m depth) at increas-
ing depths, as the increasing pressure
caused compression of the CO2 sam-
ple. At depths less than 400 m, two
phases were observed in the jar: the
higher one was a vapor mixture con-

sisting of entrapped air and gaseous
CO2, and the lower one was seawa-
ter. At depths of 400 m and greater,
there were three phases separated by
two interfaces: an upper phase dom-
inated by entrapped air, a middle
phase of liquid CO2, and a lower
phase of seawater. Although the den-
sity of the CO2 increased as the ROV
moved deeper into the ocean, for the
maximum depth of this dive (664 m)
and the temperature range of this ex-
periment, the CO2 phase was always
less dense than the seawater and thus
remained trapped in the inverted jar.

During the entire descent and as-
cent, the laser beam was focused into
the same small volume within the in-
terior of the jar. At shallower depths,
the irradiation volume was at the lev-
el of the gas phase; at greater dive
depths, the focus was at the level of
the liquid CO2 phase. Raman spectra
were taken at a total of 13 intervals
(spaced by 40–100 m) along the de-
scent and ascent paths of the ROV.
A marked increase in signal intensity
and a downshift in Raman band po-

sitions for CO2 accompanied the
phase change in CO2 from the vapor
to the liquid state (Fig. 7).

It is well known that the physical
parameters of CO2, such as density
and solubility in (sea) water, are a
function of temperature and pres-
sure. The ability to monitor changes
in these fundamental parameters
with the DORISS is important in ex-
periments that test the feasibility of
sequestering CO2 on the ocean floor.
The Raman spectrum of CO2, in
turn, is a moderately accurate mon-
itor of its density,22–30 and Raman
spectroscopy can be used to deter-
mine the concentration and specia-
tion (e.g., into CO3

22 and HCO3
2) of

CO2 dissolved in water.31–33

Our laboratory work22 and that of
others has shown that, as CO2 den-
sity increases, the Raman band po-
sitions of both bands of the Fermi
diad34 downshift, whereas the spec-
tral separation increases between
these two bands.23,25,26 We used the
equation of state of Span and Wag-
ner35 as implemented with the pro-
gram CO2Tab from ChemicaLogic
Corporation36 to calculate the density
of the CO2 in our previous labora-
tory experiments22 and in the ocean
experiment. Figure 8 compares the
spectral separation between the
bands of the Fermi diad as a function
of calculated CO2 density for both
our laboratory data and ocean data.
The laboratory and DORISS curves
are, for the most part, parallel but
offset by more than a wavenumber,
suggesting that the calibration (spe-
cifically the spectrometer dispersion
function) applied to the DORISS
was not optimal for the conditions
during this dive. The marked non-
parallelism in the low-density (i.e.,
low-pressure, shallow-ocean) data
suggests that the CO2 had not come
to thermal equilibrium with the sur-
rounding seawater when the spectra
were acquired. In such cases, our as-
sumption that the temperature of the
CO2 sample was the same as that of
the ambient seawater would have
lead to a miscalculation of the den-
sity of the CO2.

In other experiments testing the
possibility of ocean sequestration of
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FIG. 7. Raman spectra of liquid and gaseous CO2 collected during small-scale CO2 in-
jection experiments on the ROV Tiburon. Raman spectra were acquired during ascent
from the ocean floor while DORISS was sitting in the ROV’s toolsled. Difference in
phase is recognized by strong increase in intensity and spectral downshift in the liquid
compared to the gas. In this figure, the peak positions are uncorrected for depth-in-
duced wavenumber shifts. The spectral separation between the two CO2 peaks (more
accurately measurable than the absolute peak positions) is shown in Fig. 8.

CO2, liquid CO2 was analyzed where
it had been deposited at a depth of
3600 m on the sea floor. At these
depths, the density of CO2 exceeds
that of seawater, and the liquid CO2

remains essentially where it was de-
posited. The Raman probe head was
focused into liter-scale immiscible
blobs of CO2, using several different
observation geometries (Fig. 5). In
some experiments, the laser was pro-
jected through the side wall of or di-
rectly down onto an open-topped
glass vessel into which CO2 had
been injected from the delivery sys-
tem on the ROV. In other experi-
ments, the laser was projected onto
a CO2 blob placed directly on the
sediments of the ocean floor, con-
tained inside of a 50-cm-diameter
poly(vinyl chloride) (PVC) ‘‘corral.’’
Figure 9 shows a typical spectrum
acquired on a CO2 blob deposited di-
rectly onto the ocean floor. The CO2

bands are superimposed on the back-
ground seawater spectrum.

Gases and Their Detection Lim-
its. For our laboratory instrument,

we evaluated the detection limits for
gas species, based on the use of a
stand-off optic with 60 mW of laser
power exiting from it. Samples of 1
atm CO2, 0.7 atm N2, 0.2 atm O2, or
0.01 atm H2O vapor were contained
in an Erlenmeyer flask, and the laser
was focused through the wall of the
glass vessel. We collected 64 acqui-
sitions of 10 seconds each and de-
termined the following detection
limits: 0.2 bar CO2, 0.1 bar N2, 0.1
bar O2, 0.01 bar CH4, and 0.01 bar
H2O vapor. These results are consis-
tent with the well-documented fact
that the Raman scattering cross-sec-
tions for CO2, N2, and O2 are very
similar, whereas the scattering cross-
section for CH4 is almost an order of
magnitude greater.24,37,38 The detec-
tion limit for CH4 is therefore about
103 better than that for CO2, N2, and
O2.

The DORISS instrument, enclosed
in its pressure-resistant housings,
probably has somewhat less sensitiv-
ity than the laboratory instrument
due to additional signal losses

through the pressure-resistant fiber-
optic cables, the penetrators through
the pressure-resistant housings, and
the protective glass dome in front of
the stand-off optic. However, even
on the maiden voyage of DORISS,
operating at a laser output from the
head of only 10 mW, we were able
to acquire a reasonable spectrum of
gaseous CO2 at 31.33 bars pressure
(CO2 density of 0.077 g/cm3) in one
acquisition of 5 seconds duration
(Fig. 10). As will be detailed in a
subsequent paper, we have also mea-
sured natural occurrences of CH4 and
artificially introduced samples of
gaseous CO2 and N2 at hundreds of
meters depth in the ocean. Moreover,
the peak positions of the gases were
seen to change with gas density, as
predicted theoretically and as deter-
mined in laboratory experiments.

Solids. To test our capability in
manipulating the probe head into fo-
cus on a rock or mineral sample fully
immersed in seawater, we strapped
several samples of carbonate rocks
and carbonate minerals to the outside
of a 50-cm-diameter PVC ring and
took them to the ocean floor (Fig.
11). In one geometrical configura-
tion, the DORISS probe head pro-
jected the laser perpendicular to the
approximately 7 3 10 cm face of a
translucent, yellow, cleaved rhomb
of calcite (CaCO3) affixed to the
PVC ring. The ROV operator ad-
justed the focus of the laser on the
calcite by using the robotic arm of
the ROV to move the PVC ring. This
configuration readily produced a
strong Raman spectrum of calcite
(Fig. 11b) superimposed on the
background spectrum of seawater
(not shown).

The superposition of the seawater
spectrum does not appreciably de-
grade the signal-to-noise ratio of
spectra taken of minerals on the
ocean floor: the positions and
strengths of the Raman bands of sea-
water are such that they do not in-
terfere significantly with the bands
of most minerals. The OH stretch
bands of many hydrated and hydrox-
ylated minerals tend to be much nar-
rower than and readily distinguished
from those of water. In minerals with
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FIG. 8. Plot of the Raman spectral separation between the two peaks of Fermi diad of
CO2 versus CO2 density (see text). Laboratory data were collected at 23 8C at well-
calibrated pressures; Raman peak positions were corrected based on gas emission
lines from calibration lamps.22 DORISS data (uncorrected peak positions) were collect-
ed in ascent from 664 m depth in the ocean. Parallelism of laboratory and DORISS
data indicates appropriate spectral response to changes in density. Offset between the
two curves suggests that the dispersion function that was applied to the DORISS was
inappropriate under the specific dive conditions.

weak OH bands, however, the latter
could be buried in the strong bands
for water.

To date, there has been only one
instance in which very high fluores-
cence precluded useful Raman mea-
surements. This effect occurred
when the laser was directed onto
clay-rich, organic-rich sediments of
the ocean floor, in this case, in Mon-
terey Canyon west of Moss Landing,
California. Such fluorescence oc-
curred both during in situ measure-
ments and in measurements made in
the laboratory on core samples re-
covered from the same region of the
sea floor.

ADDITIONAL CHALLENGES

Selection of Better Calibration
Standards. The results of the initial
dives in 2002–2003 show that the
deep-ocean environment changes not
only the position of the 0 Dcm21 on
the CCD detector, but also the dis-

persion of the spectrometer and the
intensity response of the integrated
system. An in situ full calibration
protocol is therefore needed during
deployment of the DORISS. One
possible solution is to incorporate all
three calibration sources (Ne lamp,
white-light standard, and Raman
shift standard) into the pressure-re-
sistant housing of the probe head.
This configuration would necessitate
additional electronic controls and
electro-mechanical devices to bring
the calibration sources into and out
of the optical path. An alternative
and simpler solution in the future
might be to use as a wavelength
standard the ROV’s lights, which
typically have been turned off during
spectral acquisition. First, however,
the Raman band positions and inten-
sities of these lights need to be de-
termined at the temperatures encoun-
tered during the deep-ocean calibra-
tion.

The selection of Raman shift stan-
dards for in situ calibration has also
been difficult. Such standards (1)
should have numerous, narrow bands
distributed across the entire 100–
4000 Dcm21 region, (2) should be
stable and transportable to depth in
seawater (if a container is required,
it must be transparent to the laser),
and (3) either should not be spec-
trally sensitive to changes in temper-
ature and pressure, i.e., density, or
should have a very well known spec-
tral response to changes in density.
Some liquids that are commonly
used in the laboratory as Raman shift
standards, such as isopropanol
(which we did take to the ocean floor
in our first deep ocean dives), are
much more compressible than water;
this means that they undergo signif-
icant changes in density, which can
be assumed to be accompanied by
significant changes in band posi-
tions, making them unreliable cali-
bration standards.

Solid samples such as minerals, in
principle, should be better calibra-
tion standards than liquids, provided
that they exhibit a sufficient number
of strong, narrow Raman bands over
the spectral range of interest. The di-
amond standard has been extremely
useful in our experiments thus far
because the temperature and pressure
sensitivity of its Raman band is fully
known and because this band lies be-
tween those of the Fermi diad of
CO2. We are currently investigating
the use of hydrous silicate minerals
or polystyrene as a standard. It
would be particularly useful if the
standard were placed within the
housing of the probe head so that
only thermal effects would need to
be considered.

Improvement of Control on La-
ser Focus. Laser Raman spectros-
copy is a scattering phenomenon that
calls for the laser to be focused on a
relatively small volume of material
in order to create sufficient power
density. The same optics used to fo-
cus the laser also permit the spatial
isolation of the scattering signal.
With appropriate optics, one can se-
lectively retrieve the back-scattered
radiation and thereby isolate the sig-
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FIG. 9. Raman spectrum taken by DORISS on a large liquid CO2 blob artificially intro-
duced directly onto the sea floor at 3600 m depth. Although only CO2 was within the
focal volume of the probe head, Raman scattering also was detected from the inter-
vening seawater due to the long focal length of the probe optics.

nal of the desired target from that of
its background/matrix.

Whether the Raman spectrometer
is configured with a probe head fixed
within an optical microscope (in the
laboratory) or with a mobile probe
head (for sea-floor operation), there
are three important issues to consider
in the selection of a focusing lens:
power-density at the sample, focal
length (more specifically, working
distance), and depth-of-field. These
parameters, of course, are not inde-
pendent of each other.39,40 For in-
stance, the power density of the laser
irradiation, which is inversely pro-
portional to the size of the focused
beam spot, is controlled by the mag-
nification and numerical aperture of
the lens.

In our first year of deployments of
the DORISS in the deep ocean, the
ROV pilot controlled the position of
the Raman probe head with respect
to the target object through manipu-
lation of the probe head, the sample,
or both, by the robotic arm of the
ROV. A combination of visual ob-

servation of the laser on the sample
via the HDTV cameras and the con-
tinuous, real-time display of the Ra-
man spectrum recorded by the DOR-
ISS system were used when adjust-
ing the sample to improve its focus
within the laser irradiation volume
(Fig. 12). This type of sample posi-
tioning, which can be precise to
within several millimeters, depends
mostly on the fine-motor skills of the
individual pilot who maneuvers the
robotic arm of the ROV and the
functioning of the arm mechanics at
that time. Under these conditions, it
is better for the Raman probe head
to have a focusing lens that offers a
working distance of 5 cm or more to
reduce the potential of a collision be-
tween the sample and the protective
glass dome of the Raman probe
head. Large working distances (or
focal lengths), however, typically
correlate with a large depth-of-field.
The latter permits reasonable laser
focusing and recovery of the Raman
signal even if the distance between
the probe head and the sample is dif-

ficult to control at the sub-millimeter
level. Thus, the f /2 lens of the dry
optic permitted focus through sea-
water onto an immiscible blob of
carbon dioxide on the ocean floor
(Figs. 9 and 12), through a glass bea-
ker into the liquid CO2 within it, as
well as through seawater into a trans-
parent fragment of the mineral cal-
cite (Fig. 11).

Studying samples immersed in the
ocean, however, demonstrated two
drawbacks to the large working dis-
tance (focal length) of the focusing
lens that we predominantly have
used so far. Firstly, the laser has a
long path length through the ambient
medium (seawater) before it reaches
the target at the laser focal point. Al-
though this surrounding medium is
not at the point of laser focus, the
seawater does scatter the beam
(thereby decreasing the laser inten-
sity on the intended target), and
some of that back-scattered light is
accepted by the lens. This means that
the spectrum of the sample is always
superimposed on that of the back-
ground (Figs. 3, 9, and 12). Second-
ly, this spectral superposition elimi-
nates the ability of the Raman probe
to spatially resolve compositional
differences that occur along the laser
beam path, e.g., changes in concen-
tration of dissolved components.

For the above reasons, we have
begun testing the use of a high-pres-
sure immersion tip, also with an f /2
lens, but with only a 7-mm working
distance in water and a small depth-
of-field. For purposes of the present
discussion, however, we find it more
useful to define a parameter called
the ‘‘Raman depth of focus,’’ which
is the distance over which the sam-
ple-to-lens distance can be varied
while maintaining an intensity of Ra-
man scattering from an opaque sam-
ple that is within 50% of the maxi-
mum recorded Raman intensity from
that sample. By this definition, the
immersion lens has a Raman depth
of focus of about 0.2 mm in air as
compared to about 1.0 mm Raman
depth of focus in air for the dry lens.
The smaller beam spot (greater fo-
cusing) of the immersion lens pro-
duces higher signal-to-noise ratios,
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FIG. 10. Raman spectra of CO2 gas contained at 1 atm in an Erlenmeyer flask in the
laboratory (upper trace) and contained in an inverted jam jar in the ocean at 300 m
depth (lower trace). Laboratory spectrum also shows signature of air (O2 and N2) be-
tween flask and probe. Lab spectrum is the average of 64 10-second scans acquired
with a 100 mm slit. DORISS spectrum is one 5-second scan acquired without a slit.
Small peaks to the low- and high-wavenumber side of the CO2 Fermi diad are hot
bands.34

FIG. 11. (a) Several sawn slabs of calcite and carbonate rocks (indicated by arrows) are strapped to a PVC corral at 663 m depth
on the sea floor. The probe head has been guided into focus on the large calcite rhomb painted with a white vertical stripe. (b)
Raman spectrum of that calcite rhomb (1-second acquisition).

and its shorter focal length produces
better rejection of a background sea-
water signature than does the dry op-
tic. The small Raman depth of focus
of the immersion probe is not a prob-
lem when the tip is immersed in a
gaseous or liquid sample. However,
for analysis of an opaque or semi-
opaque sample, the immersion lens’s
smaller Raman depth of focus re-
quires finer control of the sample po-
sitioning than is possible with the ro-
botic arm alone.

Another challenge to the focusing
capability of the DORISS instrument
comes from optical interfaces. Be-
cause Raman spectroscopy is a scat-
tering phenomenon, the retrieved
signal is affected by all aspects of
optical scattering within the sample
and on the sample’s surface. The
case of two transparent liquids with
a smooth (although curved) shared
interface, as between immiscible liq-
uid CO2 and water, creates no strong
optical problem as long as the laser
is aimed perpendicular to the inter-
face (see Fig. 12). Samples that are
milky translucent or extremely fine-
grained (whether as powders or con-
solidated solid masses), however,
cause almost the same optical re-
sponses as opaque phases. This non-
penetration of the interface is due to
light scattering, whose intensity
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FIG. 12. Series of Raman spectra (each
with 1-second acquisition time) as the
probe head is moved away from optimal
focus of the laser on a CO2 liquid blob
on the ocean floor. As explained in Fig.
9, both seawater and CO2 are in the la-
ser beam’s path. Spectra of both phases
are recorded, but the CO2 : H2O band in-
tensity ratios vary with position of the
probe head. The CO2 blob is in best fo-
cus in spectrum a.

tracks with the difference in refrac-
tive index between the two (ad-
mixed) substances. Thus, even with
the relatively large depth-of-field of
the dry optic in its pressure housing,
we were unable with the DORISS to
obtain a good Raman signal from the

fine-grained, milky translucent lime-
stone and marble samples (both
rocks are calcium carbonate, i.e., cal-
cite) fixed onto the PVC corral, al-
though the signal from the transpar-
ent calcite was very strong (Fig. 11).
The same scattering phenomenon
apparently prevented us from col-
lecting Raman spectra from the CO2

clathrate–hydrate polycrystalline
mush that formed in some of our ex-
periments.

These optical challenges provided
the impetus for additional engineer-
ing upgrades to the instrument. We
are in the process of testing a newly
designed precision underwater posi-
tioner, which is a separate, portable
platform that can be carried and de-
ployed by an ROV. It is off-loadable
onto the sea floor, so as to decouple
the probe head from ROV-induced
motion or vibration. The positioner
is able to place the probe head with
an accuracy and reproducibility on
the order of 0.1 mm.

Reduction in Weight and Size.
The large size and weight of the cur-
rent version of DORISS make it dif-
ficult to transport any additional
equipment to the ocean floor when
Raman measurements are planned.
We therefore are considering both
how to reduce the weight of the cur-
rent base instrument (e.g., by line-
arizing the optical bench) and wheth-
er a different base instrument might
be reconfigured to a DORISS instru-
ment. The goal is to make DORISS
so small and lightweight that it can
be used routinely in conjunction with
other types of geochemical and geo-
physical instruments carried down
by the ROV and deployed on the
ocean floor.

SUMMARY AND
CONCLUSION

We have demonstrated that it is
possible to obtain on the sea floor at
a depth of 3600 m Raman spectra
that have a high signal-to-noise ratio
and very good spectral resolution.
The main reason that Raman spec-
troscopy has not been used previous-
ly in this environment is that only
recently have the following essen-
tials become available: (1) sophisti-

cated carrying platforms such as re-
search ROVs; (2) small, light-
weight, portable Raman instruments;
and (3) small, stable solid-state la-
sers. Third-generation Raman spec-
trometers are now available with ho-
lographic gratings, high throughput,
and very sensitive CCD detectors
that provide the small size and the
stability that permitted us to con-
struct the DORISS system.

During construction and imple-
mentation of the DORISS, there
were many difficulties that needed to
be overcome: limitation of size and
weight, elimination of fragile optical
components, building of housings re-
sistant to pressure and temperature
and water, and the establishment of
electronic communication and con-
trol over a 4-km-long tether from the
ship to the remotely operated vehicle
and the deep-ocean Raman system.13

We have accomplished the first
feasibility tests, but we are still in the
early stages of solving problems. We
have been able to carry out some as-
pects of calibration (with a diamond
chip in the optical path), but we need
to improve our methods of both
wavelength and intensity calibration.
The challenges of precise position-
ing and focus of the laser have lim-
ited our successful analyses to large,
transparent objects on the first dives.
In response to the needs for accurate
laser positioning, focus, and manip-
ulation in the Raman analysis of sol-
id phases (rocks, precipitates, etc.),
we are testing a new precision un-
derwater positioning system for
measurement of solids in the deep
ocean. We also plan to add
‘‘through-the-lens visualization’’ to
guide our positioning of the laser
beam onto the target of interest.
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Introduction 
 From its inception ICES has had a creative tension between the demands and 
linkages of fisheries and hydrography, and has superbly balanced those needs for more 
than a century of science. This has always seemed to me to be wise, and it is the 
extension of that theme towards the later part of the 21st century that is the subject of my 
lecture today. My message is simple; there are massive, and until very recently 
unrecognized, changes of geologic scale taking places in the ocean as we have entered 
the anthropocene era, and these may very well have profound impacts on ocean 
ecosystems world wide. I hope that unraveling these effects so that we do not go blindly 
into this brave new world will be a task for ICES scientists. 
 One hundred years ago Martin Knudsen and colleagues in a small laboratory in 
Denmark laid down the basis for the gravimetric measurement of ocean salinity (Knudsen, 
1901; Forch, Knudsen and Sorensen, 1902). But if the equivalent sea water samples were 
to be measured today, even with the crude procedures of the time, a different result would 
be obtained. Ocean salinity has increased, not by evaporation of water but by the massive 
quantity of carbon dioxide added by mankind (Brewer, 1997); Knudsen could simply 
have weighed the difference, and chemistry is now impacting hydrography. 

While the climate impacts of increasing atmospheric CO2 levels have received 
great attention, the direct effects of the enormous CO2 enrichment of the upper ocean 
have had little discussion. That is about to change, for ocean chemistry is being altered on 
a scale not seen for millions of years, and there are very basic questions on the impact on 
ecosystems and biogeochemical cycles to which we simply do not yet have answers. 
Background 
 The role of the ocean in moderating the atmospheric CO2 increase has been 
recognized for a very long time. Callendar (1938) noted the oceans role as “a giant 
regulator of carbon dioxide”, Revelle and Suess (1957) first explicitly calculated the 
partitioning of CO2 released to the atmosphere between air and sea and estimated that ~ 
40% of the gas would quickly be absorbed by the surface ocean, with the remainder 
building up in the atmosphere and changing climate. Oeschger et al. (1975) provided the 
first high-resolution ocean box-diffusion model designed to simulate this process with 
greater accuracy, and calibrated this model with radiocarbon data. With the initiation of 
the worldwide surveys of the GEOSECS program in 1972 the modern era of defining the 
CO2 status of the worlds oceans began. 
 The scientific attacks described above basically treated the CO2 transient as a 
“tracer” problem. That is the chemical complexity of CO2 in all its forms in sea water, the 
relatively small size of the fossil fuel signal compared to the large natural abundance, and 
the difficulties of high accuracy measurement, all combined to make scientists wary of 
the direct recognition approach. Thus proxy measurements of the tracers radiocarbon, 
tritium, and Freons were all used to estimate ocean mixing and exchange rates, where the 
CO2 signal was then inferred from these proxy measurements. 
 The ocean absorption of fossil fuel CO2 is a function of sea water alkalinity. In the 
very simplest terms carbonic acid, formed by dissolution of CO2 in water, reacts with 
calcium carbonate dissolved in a slightly alkaline ocean to form bicarbonate. The result is 
an elevation of ocean CO2 levels and a decrease in pH. Yet so complex is the full 
accounting of this process that this message has often been blurred. The use of a 
confusing set of apparent thermodynamic constants, the existence of several pH scales, 



the arcane distinctions between pCO2 and fCO2, the strictures on careful measurement, 
and the use of these systems in dynamic models have all deterred the non-specialist. 
 So strong has been the focus on carbon budgets and climate that fields such as 
deep-sea physiology have proceeded largely unaware that the basic chemistry of the 
ocean around them is changing. 
Recognizing the fossil fuel CO2 signal 
 Brewer (1978) first provided the procedure for directly extracting the fossil fuel 
CO2 signal from the oceanic background, followed shortly afterwards by Chen and 
Millero (1979). The approach is to take measurements of the total CO2 content and 
alkalinity of a water sample at depth, and ask how much they have been chemically 
altered since they were last exposed to the atmosphere. From the decrease in dissolved 
oxygen compared to equilibrium with the atmosphere, and the increase in nitrate, we can 
correct for CO2 added from respiration and the regeneration of nutrients. From 
knowledge of the close correlation between salinity and alkalinity in surface waters we 
can correct for alkalinity (and CO2) added by dissolution of calcium carbonate at depth. 
By subtracting these components from the observed signal the original CO2 system 
properties of a parcel of water may be recovered. The algorithm, after reduction of the 
Redfield ratio constants, is simply: 

∆TCO2 = 0.8297∆O2 + 0.5∆TA 
 
The first published example of this is shown here from Brewer (1978). 

 

Figure 1. A copy of Fig. 2 from Brewer (1978) showing the first attempt to recover the 
oceanic fossil fuel CO2 signal by examining samples along the core of the Antarctic 
Intermediate water. The offsets from the true atmospheric pre-industrial signal represent 
both errors in the data set, and disequilibrium between air and sea at the time of water 
mass formation. 
 



 
The publication of these papers caused concern for they broke the barrier of reliance on 
the proxy tracer approach, and there was a sense that errors in the Redfield coefficients 
used to apply the corrections could easily accumulate and invalidate the signal. 
 These concerns are no longer valid. Over the years forces have combined to 
transform the original signal so painstakingly uncovered into a massive and easily 
recognizable change in ocean chemistry. The analytical techniques used for measurement 
at sea were improved by at least a factor of 4. Standard solutions, patterned in many ways 
on the ICES Standard Sea Water model were produced. Corrections for any initial 
disequilibrium between air and sea were applied (Gruber et al., 1996). The 
JGOFS/WOCE program adopted a global ocean CO2 survey in the late 1980s-early 1990s 
period that has provided a superb snapshot of an evolving chemical signal (Wallace, 
2001). And the fossil fuel CO2 signal grew to unprecedented size so that its impact could 
no longer be ignored. 
 
The size of the oceanic fossil fuel signal today 
 With the formal series of assessments of climate by the Intergovernmental Panel 
on Climate Change (IPCC) came the need for more accurate estimates of the accumulated 
burden of fossil CO2 now held by the ocean, and the ability to chart its future course. 
There are now many estimates of this, and they show a striking agreement. A detailed 
account is available in Field and Raupach (2004). Perhaps the most recent estimate, based 
upon the JGOS/WOCE global survey carried out in the late 1980’s to early 1990’s, is that 
of Sabine et al. (2004) who conclude that the oceanic fossil fuel CO2 signal accumulated 
from 1800 to 1994 is 118 ± 19 petagrams of carbon; this is 433 billion metric tons of CO2, 
and the oceanic sink over this period has accounted for ~48% of the total fossil fuel 
released to the atmosphere during this period. 
 Ten years have gone by since the conclusion of the field observations summarized 
here. In 1994 the atmospheric CO2 level was ~357 ppm, or 77 ppm above the pre-
industrial level. In 2004 the atmospheric signal is ~380 ppm, or 100 ppm above pre-
industrial; an ~ 30 % increase in 10 years. Put another way, the invasion rate of industrial 
CO2 across the ocean surface is estimated as ~2 petagrams C/year (IPCC, 1995) or ~7 
billion tons CO2 per year. Thus in the decade since 1994 we have added an additional ~ 
70 billion tons CO2, and the accumulated ocean burden must therefore be about 500 
billion tons at the time of giving this lecture. Since the atmospheric CO2 level has risen in 
the last ten years, the oceanic invasion rate has risen also, and thus the oceanic invasion 
rate of fossil fuel CO2 must now be close to 1 million tons CO2 per hour. 
 
Projecting the future 
 No one can predict the future with great certainty but there is an obligation to try. 
The IPCC reports contain a widely used set of climate forcing and emissions scenarios of 
which the most widely used for illustrative purposes is the IS92a “Business as Usual” 
scenario (Houghton et al., 1995). The term “Business as Usual” is a misnomer- the 
projections made assume for example that in 100 years renewable and nuclear 
technologies will provide more than 75% of all electric power, compared to 24% in 1990. 
That non-carbon technologies (including solar and wind) are assumed to grow to about 
twice the size of the entire global energy system in 1990 and that energy consumed per 



unit of economic activity will decline to 1/3 of 1990 levels. While there are many other 
scenarios all scientists who have examined the problem facing society have recognized 
that unless there are truly enormous shifts in energy technologies the world will face 
unprecedented CO2 levels within the next few decades (Hoffert et al., 2002). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

     
 
 
 
 
 
 
Fig. 2. A version of the IPCC IS92a emissions scenario (bold line, lower panel), together 
with pathways for atmospheric CO2 stabilization as modeled by IPCC and by Wigley et 
al. (WRE). From Wigley et al. (1996). The difference between the IS92a scenario and the 
stabilization curves indicates the magnitude of the changes required to stabilize CO2 
levels. 
 
  A very large fraction of the available fossil fuels will be burned, and the CO2 
transferred to the ocean. The principal uncertainty is in the time scale, and the usually 
unspoken assumption behind plans for slowing fossil fuel CO2 emissions to moderate 
climate change is to give more time for the ocean to absorb the excess CO2. In short, all 
nations whether maritime or landlocked, count on ocean surface CO2 disposal as a 
primary component of energy/climate policy. Continued ocean uptake is a critical 
component of the figure above. 
 



The ocean impact of “Business as Usual” 
 While the climate impacts on the ocean caused by higher atmospheric CO2 levels 
have received widespread attention, the direct chemical effects have received little 
attention until now. The first comment on the significant changes in ocean pH associated 
with IS92a was by Haugan and Drange (1996). Brewer (1997) provided the first detailed 
chemical analysis, and the changes in ocean CO2 chemistry predicted are shown in the 
table below. 
 It is clear that by mid-century or shortly thereafter we could approach atmospheric 
CO2 levels of ~600 ppm, and thus surface ocean chemistry changes of ∆pH ≅ 0.3. By the 
end of this century far larger changes are possible. Of critical concern is the change in 
carbonate ion [CO3

=] concentration, essential for forming the shells of calcareous marine 
organisms and for coral reefs, which may decline by an astonishing 55%. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. From Brewer, 1997. The table shows the calculated changes in ocean CO2 system 
properties predicted under IS92a. By ~2060 surface ocean pH will have declined by ~0.3 
pH units. By the end of the century it is possible that CO3

= ion will have declined by an 
astonishing 55%. It is very likely that these changes will occur. 
 
Solving the “Climate Problem”? 

The goal of the U.N. Framework Convention on Climate Change is to achieve 
“stabilization of green-house gas concentrations … at a level that would prevent 
dangerous anthropogenic interference with the climate system.” Figure 2 above gives 
some pathways for achieving this. It requires enormous displacement of fossil fuel 
emissions to the atmosphere. For example, Brewer (2000) pointed out that this calls for 
displacement of 3.67 billion tons CO2 per year by ~2025, and 14.7 billion tons by ~2050. 
These are prodigious quantities; recall that these numbers are equal to the entire world 
CO2 output in 1932, and in 1967. 



 There are many ways proposed to achieve this, including nuclear, solar, wind, and 
biomass technologies. But the fossil fuel reserves are critical to any energy scenario and 
capture and disposal of the CO2, rather than free release to the atmosphere, is a widely 
discussed option (Gale and Kaya, 2003), and is now the subject of a formal IPCC report. 
In such schemes the CO2 stream is captured, for example by amine scrubbing, purified, 
compressed to liquid form and transported by pipeline to a disposal site. The process is 
still expensive and energy consuming with the costs being primarily associated with the 
capture and compression steps, common to all disposal sites. The best estimate today is 
that the economic, or energy, penalty associated with this process is 30-35%. It is not yet 
known how society will view this looming trade-off between energy costs and climate. 
Disposing of CO2 in the Ocean 
 Once CO2 has been captured, say from a large-scale power plant, the question of 
where to dispose of it arises. Two options are available: underground in locations such as 
depleted oil and gas fields and deep saline aquifers, or in the deep ocean. Marchetti 
(1977) first proposed injecting captured CO2 into the waters flowing over the 
Mediterranean sill into the mid-depth North Atlantic where it would be isolated from the 
atmosphere for centuries. The proposal aroused curiosity, but caused no great alarm. 
Since vast quantities of CO2 are disposed of in the ocean anyway this may be seen as 
simply accelerating a “natural” process in which mankind first disposes of CO2 in the 
atmosphere where it contributes to global warming, and then after a delay of a few years 
it is absorbed by the surface ocean. In short some 85% of the emitted CO2 will end up in 
the ocean anyway, so why not accept this and proceed directly, thereby minimizing the 
climate threat? 
 This proposal was discussed and modeled for some twenty years without action. 
Plans were laid to carry out experiments, but were forestalled by a bizarre assortment of 
permitting and political issues (Haugan, 2003). Independently of this questions arose as 
to the stability of clathrate hydrates of methane on the ocean floor in the face of global 
warming. Both CO2 and CH4 will form a solid hydrate (Gas.6H2O) by reaction with sea 
water at low temperature and high pressure, and a major report to the President of the 
United States (PCAST, 1997) recommended parallel investigations of the extraction of 
energy from deep-sea methane hydrates, and the permanent disposal of the CO2 artifact 
of energy use as a hydrate on the ocean floor. 
 Novel experimental investigations of the formation and dissociation of methane 
hydrates in the ocean had already been carried out, and these techniques were quickly 
extended to CO2 hydrates (Brewer et al., 1998). We now know both from empirical 
reasoning, and from experiment (Rehder et al., 2004) that CO2 hydrate will dissolve quite 
rapidly in sea water since the aqueous phase is enormously under saturated with 
dissolved CO2.  
 Modeling of the fate of CO2 injected into deep ocean water has proceeded apace 
(Orr et al., 2003), and the results are now clear. The ocean retention time is strongly 
correlated with depth of injection, the local pH/CO2 field is perturbed, and re-emergence 
of the CO2 enriched water in the Antarctic upwelling region after some centuries of 
isolation from the atmosphere will result in some return of CO2 from ocean to atmosphere, 
followed by re-absorption by the ocean. The expected result is “peak shaving” of the 
anticipated atmospheric CO2 signal.  



Carrying out ocean CO2 experiments 
 The physical behavior of CO2 in sea water is complex, and experimental advances 
were thus dependent on advances in technique. The first controlled CO2 injection 
experiment (Brewer et al., 1998) relied upon helium pressure to expel liquid CO2. This 
was not ideal due to the finite solubility of He in CO2, and purely mechanical 
accumulator containment and delivery systems were soon developed (Brewer et al., 
1999). CO2 exists in the liquid state below depths of ~400m for typical oceanic 
conditions. It is a highly compressible fluid, and thus it’s density increases with depth, 
reaching neutral buoyancy at about 2,750m depth, and forming a sinking plume at depths 
below 3,000m. It will react with sea water to form a solid hydrate at depths typically 
below about 350m, and it is some 10x more soluble in sea water than any other 
atmospheric gas. Once hydrated it partitions into the well known ionic species HCO3

- and 
CO3

= that characterize the dissolved ocean CO2 system and indicate its pH. 
 Models show that the time of ocean retention of injected CO2 is strongly 
correlated with depth, and thus there is keen interest in deep (>3,000m) injection 
techniques. An image from the first such experiment is shown in Fig. 4. 
 

 
 

 Figure 4. A 4L beaker filled with liquid CO2 at a depth of 3,600m is inspected by 
a Pacific Grenadier fish. The CO2 has reacted with sea water to form a hydrate, and the 
volume expansion has caused spill over of the liquid. From Brewer et al. (1999). 
  
The fortuitous observation above of marine animals close by a CO2 release quickly led to 
the realization that biological impact studies were possible, and the first such field work 
has now been elegantly done (Tamburri et al., 2000; Barry et al., 2004). 
 
Environmental Concern? 
The bold and successful execution of the experiments above crystallized concern over the 
possible impacts of ocean CO2 enrichment (Seibel and Walsh, 2001, 2003). Yet such 



concerns may be misplaced. The problem addressed is the claim that many deep-sea 
animals are highly sensitive to ocean pCO2 levels, which may “lead to large cellular 
pCO2 and pH changes. Oxygen transport proteins of deep-sea animals are also highly 
sensitive to changes in pH” (Seibel and Walsh, 2003). 
 Yet if such concerns are true the world has a far, far larger and very real problem. 
In practice there are no concrete plans for such intervention by governments on a large 
scale. And even if such a scheme were carried out in the far future, the ability of mankind 
to approach by direct engineering even a tiny fraction of the amount of CO2 invading the 
ocean today is limiting. Model calculations show that a hypothetical release for 100 years 
at a rate of 0.37 billion tons CO2 per year at each of 4 points would result in an ocean pH 
reduction of >0.3 pH units in less than 0.01% of total ocean volume (Wickett et al., 2004). 

In sharp contrast to such hypothetical events there are near certainties facing the 
entire ocean already. Figure 3 above lists the trend in ocean pH to be expected with time. 
Caldeira and Wickett (2003) have extended this work. In Figure 5 is shown the projected 
change in whole ocean pH simply from atmospheric invasion under IS92a, followed by 
extension of that scenario until all known fossil fuels are burned. It is very possible that 
we will proceed along this path. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. The projected change in ocean pH from pre-industrial to the year 3000 from 
burning of all fossil fuels with emission of the CO2 to the atmosphere. A change of ~0.3 
is expected in the second half of this century. Stabilization of atmospheric CO2 at 550 
ppm implies eventual ocean storage of about 6,200 billion tons of CO2. From Caldeira 
and Wickett (2003). 
 
Effects of changes in ocean pH on marine ecosystems 
With the latent realization that changes of such scale are already in progress, and very 
likely to continue, there has been a recent upsurge of biological concern. Riebesell et al. 



(2000) have investigated the reduced calcification of marine plankton in response to 
increased atmospheric CO2. They reported reduced calcite production at increased CO2 
concentrations of the common oceanic species Emiliana huxleyi and Gephryocapsa 
oceanica. Significant impacts on coral reefs have been predicted by Kleypas et al. (1999). 
Experiments in controlled tanks (Langdon et al., 2000) have led to predictions of 40% 
decrease of calcification in coral reefs under CO2 doubling conditions.  

Portner et al. (2004) have provided a detailed and scholarly account of the 
biological impact of elevated ocean CO2 concentrations on marine animals. They report 
that elevated CO2 levels “are expected to affect long-term growth and reproduction, and 
thus may be harmful at population and species levels.” They found maximal sensitivity in 
ommastrephid squid. In support of this broad concern Shirayama and colleagues 
(Kurihara et al., 2004) report significant sub-lethal effects of elevated CO2 levels on 
planktonic copepods and sea urchins, in which basic reproduction was affected by 
pH/CO2 changes well within the range reported in Fig. 5.  
 
The next generation of ocean experiments? 

The papers above, and many others, are based upon well-founded concerns. They 
open the window to very broad questions over the future functioning of marine 
ecosystems worldwide. How might these concerns be addressed? There will no doubt be 
a vigorous experimental attack on marine organisms of many kinds to investigate their 
response to elevated CO2 levels. But I approach this problem from the perspective of a 
marine chemist, and ocean chemists are often chided by their biological colleagues for 
not taking an ecosystem approach. Let me accept the challenge. What might such an 
approach look like? 

We have excellent analogs in large-scale CO2 enrichment experiments now 
routinely carried out on land (DeLucia et al., 1999; Shaw et al. 2002). One example of 
very large scale is shown in Figure 6. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Figure 6. A FACE (Free Air CO2 Enrichment) experiment in Wisconsin. The tall towers 
leak CO2 into the local air at rates controlled so as to bathe the local vegetation in CO2 
levels that simulate the predicted conditions of the later part of this century. Release rates 
are compensated for wind speed and direction. Quite large CO2 releases are required – 
one FACE site releases about 1,000 tons CO2 per year. 
 
What is the possibility of creating an equivalent set of Free Ocean CO2 Enrichment 
(FOCE) experiments? The challenge is daunting. The atmosphere has essentially no 
active CO2 chemistry – the released gas simply mixes. The ocean has a complex 
chemistry, with significant kinetic affects. In particular the hydration rate of the CO2 
molecule is slow (Johnson, 1982), and at low temperatures it may take many minutes for 
equilibrium to be achieved. In this case the admixed CO2 could be advected beyond the 
desired control volume before equilibrium with the local ocean water is reached.  
Nakayama et al. (2004) have recently shown that there is a significant enhancement of 
the hydration reaction rate at pressure, driven by the large negative volume change of the 
hydration reaction. Thus deep, cold experiments may very well be possible.  
 
 A sketch of one possible system is shown in Figure 7 (W. Kirkwood, pers. 
comm.). It portrays the concept of a cable for experimental control, and a small-bore pipe 
for supplying CO2, or CO2 enriched sea water, to a set of controlled volumes on the ocean 
floor where experiments are located. The size, duration, selection of experimental 
processes, and biogeochemical phenomena etc. are all to be determined. Successful 
execution of this would be a considerable challenge. 

 
 
 
 



Conclusions 
I have attempted to present, in somewhat narrative form, an account of the 

progress in ocean CO2 biogeochemistry over the last decade or so. What is clear is that 
while there may be some uncertainty over the course of the climate impacts of elevated 
CO2 levels, there is no such uncertainty over the projected chemical changes. We will 
have an ocean of lower pH than this planet has seen for very long stretches of geological 
time; and we are at a very early stage of recognizing the scale of this, and in acquiring 
sure knowledge of the impacts on ocean ecosystems worldwide (Cicerone et al., 2004). 

In spite of this lack of knowledge there are many strong opinions – those who 
“feel everything is OK”, and those who see serious problems looming. The job of 
scientists must be to provide some sure answers as we go forward. 
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Introduction 

Direct injection of CO2 into the ocean is one idea among several 
carbon dioxide sequestration proposals under consideration to offset 
the increase of anthropogenic greenhouse gases in the atmosphere.  
This tactic raises important questions concerning the impacts of pH 
changes and elevated CO2 levels for marine ecosystems and the role 
that ocean sequestration should play in national and international 
carbon management strategies.  While ocean sequestration could 
reduce the level of atmospheric emissions, it would add to the 
accumulating burden of fossil fuel CO2 in the ocean.  And while 
there has been considerable debate regarding rising levels of CO2 in 
the atmosphere and whether they constitute a “dangerous 
anthropogenic interference” with climate, there has been no such 
debate regarding acceptable oceanic CO2 levels.  In order to address 
these issues and provide advice to the various world-wide 
governmental bodies so that policy decisions can be made based 
upon sound science, new types of in situ experimental investigations 
are required. 

For the past 8 years, we have conducted small-scale experiments 
on the purposeful release of CO2 into the ocean using MBARI’s 
advanced remotely operated vehicle (ROV) technology.  Apparatus 
and techniques for the transport and release of 0.4 to 45 kg quantities 
of CO2 per dive have been developed and we have used this 
technology to pursue fundamental chemical, physical, and biological 
studies associated with ocean CO2 sequestration1-4.  This technology 
has also allowed us to conduct several in situ experiments mimicking 
some of the ocean CO2 sequestration scenarios which have been 
proposed and to begin the process of understanding the impact of 
CO2 on the benthic environment5-9. 

We report here several recent advances in the refinement and 
development of new technology for experimental releases of CO2 in 
the deep sea, and the initial results from an international experiment 
conducted at 3940m depth in Monterey Bay. 
 
Experimental 

56L CO2 accumulator.  For this experiment the 56L CO2 
accumulator10 was thoroughly re-built.  A new carbon fiber 
reinforced fiberglass barrel was fabricated and the aluminum end-
caps and piston were replaced with ones made from titanium to 
alleviate problems with corrosion.  The end-caps and piston were 
redesigned to eliminate voids on the seawater side, while increasing 
the depth of the recessed cavity on the CO2 side to allow for an 
internal cooling loop.  The extended length of the CO2 end-cap also 
allowed for a second O-ring seal to solve the leakage problems 
encountered earlier. 

Benthic flume.  In order to have more operator control over the 
plume created during the release experiments, a 'benthic flume' was 
constructed (Fig. 1).  It consisted of a trough for CO2 150 cm long, 
40 cm wide and 25 cm deep; a thruster (driven by a computer 
controlled brushless DC motor) to generate a variable seawater 

current along the CO2 trough; and a wave generator paddle.  Both the 
wave paddle and the thruster were controllable in finite increments 
by the experimentalist in real-time.  A clear panel on the front, and 
an opaque panel on the back, helped to channel the seawater flow 
through the flume and aided in viewing of the CO2 pool under the 
various stresses.  Power and control of the benthic flume was 
achieved via the ROV by using an underwater mateable connection. 
 

 
 
Figure 1.  The benthic flume being lowered into the 10m deep test 
tank at MBARI.  The red thruster propeller is visible at the right end 
of the trough.  For the purposes of this test a three axis velocity meter 
was mounted at the far left-end. 
 

pH probes and calibration.  SBE18 pH sensors (Seabird 
Electronics, Inc., Bellevue, WA 98005) were used.  While these 
sensors have a nominal depth rating of 1200m, we have found that 
when they are slowly deployed to depth, they can be used as deep as 
4000m.  The pH electrodes were calibrated using seawater solutions 
where the pH had been previously adjusted using concentrated HCl 
or NaOH to ~6 and ~8 as measured by an IQ240 ISFET pH electrode 
(IQ Scientific Instruments, Inc., San Diego, CA 92127) that was 
calibrated using commercially available NBS pH standard solutions. 
 

 
 
Figure 2.  The seawater re-circulation chamber is visible at left with 
the Seabird SBE18 pH electrode extending from the top.  The 
recirculation pump is the silver cylinder in the middle of the image.  
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Hydraulically activated quarter-turn valves were used to open and 
close the chamber and to collect ambient seawater samples. 
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Seawater recirculation chamber.  A small volume (~300 mL) 
chamber (Fig. 2) was equipped with both a pH sensor and a 
temperature sensor so that samples of CO2 enriched seawater could 
be collected and re-circulated.  This allowed the kinetics of the CO2 
hydration reaction to be studied.  A Seabird submersible pump was 
used to fill, flush and re-circulate seawater in the chamber.  Pumping 
rates on the order of 0.9-1.2L/min were achieved at depth. 
 
Results and Discussion 

Maximization of CO2 delivery volumes.  Delivery of liquid 
CO2 in previous experiments was often hampered by less than 
theoretical yields.  Investigation of this phenomenon revealed that the 
cylinder was often filled with warm water on the seawater side.  Heat 
from this water was conducted through the piston and into the liquid 
CO2, thus warming the CO2 and possibly allowing for gas pockets to 
form.  In order to maximize the amount of liquid CO2 delivered to 
the sea-floor, we changed our filling protocol to include pre-filling 
the seawater side with cold water, and installed an interior copper 
tube cooling loop on the CO2 side.  Subsequently, all CO2 deliveries 
have been within 1-2% of the theoretical delivery volume at depth. 

Experimental control of the benthic environment.  In 
previous experiments, we relied upon the ambient current conditions 
on the sea-floor.  Often brisk currents might perturb the experiments, 
causing noticeable ripples on the liquid CO2 surface or we might 
encounter near stagnant conditions, and there was little we could do 
to modify or control this.  With the benthic flume, we can now direct 
a controlled flow of seawater across the surface of the liquid CO2.  
Current speeds of 0.1-1.2 knots are possible and can be adjusted by 
the ROV pilot in real-time.  Additionally, the wave paddle can be 
controlled in real-time as well to beat from 0.1 to 2 Hz (Fig. 3). 
 

 
 
Figure 3.  Dye-injection into benthic flume above the liquid CO2 
surface.  Sinusoidal waves made by the action of the wave paddle 
can be clearly seen as the dye cloud drifts above the CO2-SW 
interface. 
 

CO2 hydration kinetics.  It is known that the kinetics of the 
CO2 hydration reaction are quite slow at atmospheric pressure and 
room temperature.  The half-life of this reaction at 25ºC is about 18 
seconds11.  At lower temperatures, an even longer half-life is 
predicted (Fig. 4).  For example, at temperatures typical of the deep-
sea (1.5-2.0ºC), we expect a half-life on the order of 270-300 
seconds.  However, given that the change in partial molar volumes of 

the reaction is negative, we predict that the high pressures in the 
deep-sea will have a positive impact on the reaction rate. 
 

 
 
Figure 4.  Kinetics of the CO2 hydration reaction at one atmosphere.  
Both a linear and a second order fit are shown.  The second order 
equation was used to predict the reaction half-lives at temperatures 
typical of the deep-sea. 
 
Conclusions 

The first ocean CO2 sequestration experiment at 4 km depth has 
now been conducted.  The benthic flume worked well allowing us to 
control both the ambient current velocity at the CO2-seawater inter-
face and to generate regular waves within the liquid CO2 pool.  Both 
capabilities should aid us in our continued studies of the properties, 
behavior and impact of liquid CO2 in the deep-sea. 
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