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I. ABSTRACT

Researchers and engineers, from academia, government, and
industry, met and discussed the feasibility of using state-of-the-art
laboratory technology for in-situ chemical measurements in the deep
ocean, in and around active submarine hydrothermal systems. The concept
of an autonomous benthic explorer (SENTRY) wag presented to illustrate
some of the constraints which must be kept in mind when adapting
laboratory analytical tools to the deep ocean. A concensus was reached
that some existing technologies either are being, or can be, adapted for
in-situ measurement, in the near future, at reasonable cost. For many
analytical techniques, minimal basic research will be required, and
laboratory and in-situ testing represent the bulk of the work to be
performed. A selection of analytical techniques appear particularly
ready to undergo testing ané transformations for in-situ measurements,
including: electroplating, voltametry, potentiometric glass electrodes,
and fiber optic technologies. Other techniques, such as in-situ Mass
Spectrometry, do not appear to meet the criterias of technological readi-
ness for in-situ deployment. Some technologies already being utilized or
under development for use in the deep ocean include, for example: CO:,
0, H:, E:S, CH4 sensors, voltametry for the determination of
gul fur chemical speciation, fiber optic sensors for pH determination, and
automated chemical microlaboratories for a wide varlety of applications.
These techniques, however, require further research for losng-term deploy-
ment and their ability to perform at high temperature, as encountered
around submarine active hydrothermal systems.
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ITI. INTRODUCTION

The workshop was a successful meeting between academic and govern-
ment. scientists from diverse backgrounds, engineers having expertise in
design and deployment of sophisticated instrumentation at the bottom of
the ocean, and industrial scientists aware of the availability and cost
of state-of-the-art technology. For wmany participants, the two days'
meeting was their first encounter with oceanography. The general feeling
at the end of the workshop was that the needs of the oceanographers are
not so complicated; the in-situ species and quantities to be measured are
generally trivial in the laboratory (pH, metals, non-metals, organics,
gases, biological activity, temperature, etc.), and well within the detee—
tion limits of available technology. The problems, in further developaent
for oceanographic research, are related to the pressure/temperature condi-
tions, and the difficulty of controlling analytical procedures under water
in completely remote areas. Oceanographers actively involved with in-situ
measurements had a chance to present and discuss the capabilities and
limitations of their pioneering work. Most interestingly, people, who
probably would never have met otherwise, discovered they had some common
interests and could help each other in resolving problems related to their
respective work. It is our hope that these relationghips will develop and
lead to successful research projects in the near future.

The workshop consisted first of a series of oral presentations
designed to bring the participants to a common ground for further discus-
sion. Deployment technology, examples of pertinent previous work, and
description of state-of-the-art technology, were presented. Spontaneous
speakers volunteered their input which gave rise to lively and thought-
provoking discuesions. Five working groups were formed, based on a brief
"democratic™ discussion to select the technologies of greatest interest.
Each working group had a leader whose task was to assemble the information
discussed, and present it to the workshop at large. The participants
were encouraged to contribute their input to more than ome working group,
and most did. Several participants also contributed additional personal
reports to express their view outside the groups. The notes, viewgraphs
and reports were collected at the end of the workshop and edited as the
present report. The reports have not been reviewed and may contain some
inaccuracies.
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V. VENT SENTRY - AN AUTONOMOUS BENTHIC EXPLORER
Albert M. Bradley, Woods Heole Oceanographic Institution




Vent Sentry

An Autonomous Benthic Explorer

ABSTRACT: Sentry is an unmanned, untethered, autonomous vehicle for
performing a variety of benthic survey experiments (such as vent
monitoring). This self-propelled vehicle will be able to
acoustically navigate over the bottom with accurate position (withip
centimeters) and orientation control. The initial wehicle will
include digital video, 35mm photography, CTD data logging, and
transmissometry, and will have 50-100km. of travel range.

USE CONCEPT: A study site would be surveyed and marked with one or
more acoustic beacons. The beacons would have a known relationship
to major features of interest. The survey would be done with a
submersible such as DSV ALVIN or a tethered system such as
ARGO/JASON. In areas of low topography, the site development might
be done with a camera sled photo survey within a long baseline net.
In flat areas where the study area does not need to be site
specific, free drop deployment of the beacons would be sufficient.

After the survey is completed and beacons implanted, Sentry is
deployed. Optionally, at a later date after the initial survey
results had heen carefully studied, the scientific team could return
to the site and deploy Sentry. Sentry free—-glides under its own
control to a spot near the beacon but away from the area to be
investigated and drops its "glide wing™ descent weights. Sentry
then maneuvers itself and latches onto the heacon, where it "sleeps"
in a low power mode. At preprogrammed times, or due to event
triggering such as an unusual water temperature change, Sentry would
perform preprogrammed survey routines,

At a preset time, or on direct command, system failure, or
pPre-programmed trigger conditions, Sentry would move clear of the
beacon and drop its ascent weights for recovery. A satellite
transmitter would alert the user and provide a means of locating the
Sentry for recovery. Another Sentry {(or the same one after
servicing) could be dropped to the same location to continue the
survey work. The beacons would be designed for a longer deployment
life than a single Sentry deployment. After servicing and possibly
reprogramming, the recovered Sentry could then be deployed at
another monitoring site, repeating a survey pattern it or another
Sentry had done several months ago.

Two of the many possible scenarios for use are short term intensive,
and long term overview, In the first type, ships of opportunity
passing by the site would drop a Sentry at a pre-surveyed site. The
Sentry would perform a fast, intensive survey for hours to days,
only using the beacons for positioning information. It would be
recovered during the same cruise., In the second type, ships would
drop off the Sentry and continue on, with the Sentry being recovered
months or years later. Trade-offs include power consumption (mainly
distance covered), the amount of data collected, and available time.



POTENTIAL
SCIENCE
TASKS

Photographic Surwvey: The
simplest yet possibly most
valuable task Sentry will be
able to perform is a repeated
photographic survey of an
area. While it is almost
impossible to schedule ALVIN
{and probably ARGO/JASON) to
return to a site at regular
intervals, Sentry could
revisit sites by being
deployed from ships of
opportunity. From its “sleep”™
mode it could wake up at
intervals and make repeated
video and photographilc surveys
over a large area. For
instance, it could circle a
hot vent at intervals for
saveral months to record
devalopment of physical
structure.

Chanistry survay: WwWith a
long~term senscr package
installed, the Sentry would be
able to perform simple
analysis at pre-specified
locations within its survey
Area.

Plume S5tudiaa: Sentry could
aurvey 2 vent plume and its
aevolution by periodically
releasing from its bottom
attachment point, adjusting to
positive buoyancy, and slowly
ascending as it follows the
current. Using its navigation
system, it would store the
resultant near-bottom current
profile. At a preset altitude
it would then do a g¢grid survey
of temperature, conductivity,
transmissometry, and possibly
chemical content to outline
the vent plume.

Top
View

y

Camera systems
Latching mechanism

Thrusters (4 horiz., 4 vert.)

Main
electronics

a Nav. hydrophones

Transponder
bheacon

1

Preliminary design cutaway views



Waste Disposal Monitoring: The Sentry could be used to do long term photo and
chemical surveys of existing disposal areas. With proper sensors it could check
for release of undesirable chemical or radioactive products. If a relaase was
detected, the vehicle could drop its ballast, head for the surface, and transmit
warnings via satellite.

EXISTING TECHNOLOGY

Machanical/Electrical: The primary elaectrical and mechanical (trim, variable
ballast, hydraulics, compensation) systems will be designed and built by the
ALVIN Group. Design conatraints relating to weight, stability, power efficiency
and operational considerations are similar to those of ALVIN despite the
decreased asize. Proven concepts with known reliability developed from years of
experience with ALVIN will be used whenever possible.

Kavigation and Control: The electronic control and navigation systems will be
designed by the Advanced Engineering Laboratory. A modifiaed short baseline
navigation system developed for the "Pop-~up™ profiler will be used to navigate
with one or more beacons. This concept is also currently being developed for use
within ALVIN. The system is similar to the precision high frecquency homing
systenm employed for contrelling accurate surfacing of the "Flying-Fish® profiler.
Since Sentry is intended to be readily modifiable for future needs, a
distributed processing syatem will be used. This allows the addition or removal
of scientific subsystems with minimal impact on the high level control
programming., The "top level™ program used to control each deployment will be
written in a aimple, BASIC-like language to facilitate user modifications.
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- seff powered

- e - progromwned

~ Jong ke yr)

= can move 50 km af | knot

— carries fims 8 CCD comero
—corries CTD 8 fransmissometer

® . OvER TamgeT \‘*d‘&uu, — survey moy be savand Irigpered
.1(
I“'-J
X
& WRaL pows oviR . f
Trom pEACOR Y.
,ﬁ ‘
wHEN ABOVE BOTTOM
® e i 00 RERR AR (t/ 00y}
Pt STEREQ PHOTD SURVEY
© .- wovE amar e OF & PIE -PROSRAMMED WEGAON
- .--""-
i v gl .
= (D .. aMD DROP DESCINT wieGs ’ @ on SumvET MEGION

AROUWD AWOTHE K
AREA OF WTEREST

Nl L. T~
o e /\ V—

) ATEH OwTD SEACON @
TCHIG POST

= gL
A T S
GrReY L 7 ~ é
- ‘mx___ e t 1 -
- y = —"—-.-,:""'-—

i . - -
=



SCIENCE INPUT NEEDED

The design, construction and initial testing of this wvehicle ig
expected to take two years. In order to gain the operational
experience necessary to efficiently accomplish the expected tasks
of the RIDGE program, funding must be obtained now to move beyond
the concept stage. If you think your RIDGE program could use an
instrument such as Sentry, YOUR PROPOSAL INPUTS ARE NEEDED. NSF
funding for development cannot be obtained without a current
scientific justification, If you are currently working on, or
expect to have a program in the near future which could use
Sentry, please contact us to discuss your needs. We are preparing
a proposal, but need your input.

Send your proposals, ideas and needs to:

Barrie Walden
ALVIN Group, Smith 301
Woods Hole Oceanographic Institution
Woods Hole, MA 02543
(617) 548-1400 x2407
Telemail: B,.WALDEN or ALVIN.OPS

Dr. Albert M, Bradley
Advanced Engineering Laboratory, Smith 201
Woods Hole Oceanographic Institution
Woods Hole, MA 02543
{617) 548-1400 x2448
Telemall: A.BRADLEY

Please note that the area code for
Woods Hole will change to (508) on July 16, 198B.
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VI. REPORT GROUP 1

Electrochemical/Electroanalytical Techniques

Reported by
George Luther

The feasibility of electrochemical measurements in these unique
ecosystems was discussed with regard to (1) the type of electrochemical
measurement {potentiometry or voltammetry) and (2) the area near the
vents (high temperature/high pressure vent or lov temperature/high
pressure plume],

The consensus was that voltametric methods should be the technigue
of choice for measurements at high temperature/high pressure as encoun-
tered ie vent fluids (up to 350°C and 500 atm). The principal reasons
for this are (1) the capability of using temperature resistant solid
state electrodes; (2) the inheremt ability to detect amalytes at low
concentrations (10-100 nM), and the rapidity of the analyses. For
example, the use of Square Wave Voltametry allows rapid determination
(1-10 seconds meagsurement time) of trace metale at the nM level.

At present, there are many materials available for possible in-situ
electrodes for voltammetric analysis. These include Au, Pt, Pd, C, Ir-Hg,
Ni, W, Ti, Ag, micro-Hg, etc. Such electrodes should be stable for short-
term deployment {e.g., one ALVIN dive), and possibly long-term deployments
in less hostile enviromments such as vent plumes, for example. The types
of electrodes congidered can detect and quantify a vast variety of oxidiz-
able/reducible species and characterize key redox equilibria (e.g., B2,
H.5, 0z, Fe>*/Fe'*, Ca’*, Mn?*, Pb%*, Zn®*, Cu®*, etc.). The in-situ
chemical speciation of sulfur or iodine compounds is also feasible using
this technique. In addition, it should be possible to observe and charac-
terize in-situ metal complexes with inorgasic and organic ligands, since
complexation phenomena guantitatively affect voltametric measurements.

What remains to be worked out for in-situ deployment of voltametry
are the details of constructing and characterizing working and reference
electrodes for use under high temperature/high pressure conditions. The
calibration of the electrodes will also have to take into account other
parameters such as ionic strength, dissolved Oz, H2S, electrode corrosion,
etc.; note that some existing equipment can be made self-calibrating.

None of the potential technical problems seem to be insurmountable.
For example, electrode corrosion by in-situ H.S can be prevented by
applying appropriate potential to the electrode system to inhibit pertur-
bating sulfide formation. The power supply needed for voltametric measure-
ment lies within the limits defined at the workshop (e.g., 100 or 1000
whr, at any desired volage for the SENTRY system}. Furthermore, one
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advantage of wvoltametry is that filtering ies not required prier to
analysis because electrodes are responding to dissolved species only.
Perhaps, the first stage of development for in-situ voltametry would be
to simply electroplate analytes of interest onto an electrode (deployed
in the vent fluid, for example) and analyze the plating in the laboratory
(e.g., onboard surface vessel). Laboratory analysis would allow stripping
of the electroplated species in selected matrices to enhance detection
and/or sensitivity. Note that the amount of a species sampled by electro-
plating would be proportional to the vent fluid velocity (not diffusion).
This simple sampling technique {electroplating) could thus provide valu-
able background information to help in calibrating and understanding the
real-time data obtainable by voltametry. Furthermore, the electrode
system to be used for voltametric measurements or simple electroplating
could be replaced by an array of micro—electrodes having diverse proper-
ties.

Potentiometric glass electrodes were also discussed and can be
regarded as an adequate in—situ technique for measurements below about
100°C. Glass electrode sgensors for Li*, pH, Na’, C1°, F°, and
8%°, could be easily constructed for oceanographic research (some of
them already exist).

In conclusion, a consensus was reached that electrochemical tech~
niques can be used to study the chemistry of submarine hydrothermal
activity. Minimal effort (financial and research) would be required to
deploy existing laboratory technology at the bottom of the ocean. '
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ViI. REPORT GROUP 2

Optical and Spectral Techniques

Reported by
Tom Kulp

The diversity of optical and spectroscopic techniques suggests
numerous applications to deep ocean measurements. A major limitation,
however, is the reluctance of high pressure liquid water to transmit
photons outside of a relatively narrow range of wvisible frequencies (the
so~called "blue-green window"). This makes it impoesible, for example,
to work in the mid-infrared "chemical fingerprint™ region unless the
species to be analyzed can be removed from the liquid. Otherwise, one is
restricted to visible-wavelength techniques. Optical-fiber techniques
are generally advantageous for transmission between the sampled region
and the detection electronics. Measurement techniques congidered are
summarized in Table 1.

The following techniques were considered:
1) Nondispersive Infrared
2) Raman Probes for Remote Sensing
3) General Light Scattering Techniques
4) Visible Fluorescence
5) Optical Fiber Sensors
6) Optical Fiber Array Multiplexing
Optical spectroscopy ie a diverse field with wide application
techniques with regard to their applicability to the following measure-

ments in the deep ocean:

e Quantitation of dissolved gases (i.e., CR4, CO:z,
H:S, Hz, 0z).

* Quantitatiou of ionic species at low concentration.
¢ (uantitation of various organic species.
* Quantitation of mineral species.

*  Measurements of microorganisms.
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Optical and Spectral Techniques

Measurement Typical Parameters Technique Comments
Dissolved CH,, H:5, Non-dispersive Applicable only to
Gases NH,, CO: infrared with IR active gasesg,

gas correlation needs purge or
filters membrane technique
to partition dis-
solved gases.
Dissolved Above + Hz, 0, Raman Scattering Requires visible
Gases S04 lager, probably
diode pumped solid
state. Capillary
geometry with dis- -
solved gas separa-
tion may be neces-
Bary.

Particulates, Bacterial number Light Scattering Best done with
Microorgan— density; precipi- lager.
isms tate density

Flow Veloci-
ties and
Fields

Yemperature

Digsolved
Chemicals

Conjugated
Dissolved
Organics

Current speeds
and direction

0 to 350°C

H.l. m:, 02‘
Ionic species

Metabolites and
other biochemical
traces

Laser Doppler
Velocimetry

Fluorescent
Optrode

Reactive Optrode
with colorimetric
or other detec-
tion method

Visible
Fluorescence

Requires vigible
lager, may have
large Rayleigh
scattering back-
ground.

Relative fluores-
cence from tempera-
ture dependent sur-—
face, e.g. Eu/Er -
can be multiplexed
to yield tempera-
ture field fluctua-
tions.

Techniques under
development — Eee
"microlab” section
for further discus-
sion.

Limited to fluores-
cent species, not
quenched by high
pressure.
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1) Nondispersive Infrared

Several dissolved, infrared active gases are thought to play
major roles im the microbial metabolism critical to vent biology. Thege
include methaue (CH4) and hydrogen sulfide (HiS) which serve ag major
energy sources, ammonia (NH;) which is & critical nutrient and carbon
dioxide (CO:) which may serve as a respiration tracer.

Nondispersive infrared absorption (NDIR) spectroscopy is a
potential diagnostic for each of these IR active dissolved gases which
can offer high selectivity at relatively low cost and power consumption.
Specificity for individual species would be achieved by using gas correla-
tion cells filled with the species of interest or equivalent spectral
masks.

In order to effectively utilize NDIR it ig almost certainly
necessary to separate a portion of the dissoclved gases from the liquid
phase. This separation is necessitated by the relatively high infrared
opacity of high pressure liquid water. Effecting this separation is the
major technological challenge in implementing the NDIR technique. A high
surface to volume sample cell with gas permeable walls is one potential
solution, while an active inert gas stripping system is a second possibil-
ity.

The optical components of the system would include a smal}
"Nernst glower”" type infrared source, a small, purgeable infrared absorp-
tion cell (possibly multipass), gas correlation cells or equivalent
spectral correlation maskse, and a solid state, electrically cooled,
infrared detector. The power necessary to operate the optical system
will be less than the power required for sample handling. The only
consumable would be high pressure inert gas (He, Ar or N:) needed to
purge the optical cell and possibly to strip dissolved gases from the
water samples.

2. Rawan Probes for Remote Seunsing

An alternative approach to analyte separation and direct IR
analysis is te shift the vibrational information into the "blue-green'
window of the water transmission curve by use of Raman spectroscopy. In
this technique, visible-wavelength laser pulses are propagated into the
sampied region and the backscattered. Raman-gshifted radiation is collec-
ted and detected. This technique permits IR-reactive species such as
Ez and 02 to be monitored, as well as methane, CO: and H,S.
Dissolved ions such as S0%{ present at wmillimolar concentrations may
also be detected. Fiber-optic probes could be used for optical pulse
trangmigsion, and the Raman bands isclated by means of interference
filters.

There are several serious limitations which must be considered.
The low pensitivity of Raman spectroscopy limits detectivity to species
number densities not less than 10'* em™®. Sensitivity may be enhanced
by several techniques, such as light-trapping in a capillary waveguide,
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use of stimulated, coherent, or surface-enhanced Raman techniques, or use
of resonance Raman spectroscopy for species (other than those emmerated
above) processing visible-wavelength chromophores. The degree of inter-
ference from broad and intense Raman bands of the water must be assessed
(this can be done in preliminary laboratory studies). Power requirements
for the laser source are not negligible, but diode-pumped solid-state
lagers now becoming available may be practical for undersea applicatioms.

3. General Light Scattering Techniques

Elastic light gcattering is commonly used to measure a number
of physical parameters, most motably flow velocity (Laser Doppler Veloci-
metry), particle numbers, and particle size. Commercially available Laser
Doppler Velocimetry (LDV) systems can generally measure all three of these
parameters. Because of its optical nature, LDV is an inherently non-inva-
sive technique. Furthermore, the optical beams that make the measurement
can be directed fairly easily to make measurements at multiple points.
One can envision an application in which flow, particle size, or particle
number were measured in a wsultipoint fashion to map a flow field in a
plane - or an application in which these parameters could be monitored at
a single point over a lomg time period to determine their temporal
fluctuatione. In conjunction with scaler concentrations, these flow
measurements could provide chemical flux information.

There would be a comsiderable amount of engineering involved
in the use of this technique. A laser would be required (that could
possibly be a diode pumped solid state 2x YAG). Furthermore, data
analysig electronice are required. Deep-sea applications of LIV are,
however, being pursued. Thus, some of this eogineering may have been
accomplished already.

&. Vigible Fluorescence

Visible flunrescence is a sensitive, although rather non-sgpeci-
fic, technique that can be applied to the quantification of some inorganic
and molecular organic species. Possible applications might include the
quantification of biological molecules such as flavins, nucleotides, or
pigments. If some of the mineral species found around a vent were fluores-
gent, they might be quantified in this mamner as well. We simply state
here that fluorescence can be used to quantify species such as those
mentioned provided that they are fluorescent and that they retain this
fluorescence at high pressures. However, the potential non-linearity of
fluorescence as a function of concentration must be kept in mind.

5. Optical Fiber Sensors

Optical fiber sensors offer potential for sensing in-gitn
chemical events in real time. The sensors can be used as bare fibers for
direct spectroscopy or be comverted to a selective gemgor with a reagent
chemistry. The sensor reagent can be immobilized at the fiber tip or
exist in solution, as in a flow cell device.
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The advantages of the optical fiber (unattached to a flow-cell
device} is the potential for ingerting the probe into harsh regions or
events, with an appropriate protective digtance between the analyzer and
the area probed: Due to the low cost of optical fibers, the probes can
be disposable. They can provide information about physical properties
(temperature and pressure) and reversible and irreversible chemigtries.
Numerous immobilization chemistries exist for designing sensors and the
following list is an example of some approaches that have been successfuly
used in preparing fiber optic sensors.

Some of the types of sensors currently available commercially
are:

. pH _Senscrs

Reversible sensors made with immobilized fluorescent pH
indicators; long-term stability possible with ratio measuring. Disadvan-
tage: temperature dependence of fluorescence and limitation of the pH

range.

pH Sengors can aleo be prepared by coupling a pH sensitive
absorbing species to a pH insensitive fluorescor. Via am energy transfer
mechanism the absorber will modulate the fluorescence of the donor.
Numerous other sensing schemes can be adapted to this methodology.

. Gas Sensor

CQ; detected with pH sensor enclosed with CO: permeable
memhrane. Long term stability possible with ratio measuring. NHs can
be detected by a similar pH dependent sensor.

0: can be sensed by its cquenching of fluorescent dyes.
These dyes can be immobilized or supplied by a flow injection technology.
0; has also been detected by chemiluminescence (Freeman, Seitz, Anal.
Chem., 1981, 53, 98).

e Nonalkali Metals, A1(III), Re(II), Mg(II}, Ca(II), Zn(IT)

A variety of molecules become fluorescent when complexed
with certain metals. This can be used in an immobilized eor flow injection
scheme. Limitations: selectivity and lack of reversibility.

- N&'

A reversible Na® sensor bas been prepared by R. Seitz
through an ion-pairing scheme. An ionophore is immobilized on a solid
substrate with an anionic fluorophore and a cationic polyelectrolyte that
quenchee fluorescence of the bound fluorophore. The presence of Na'
displaces the cationic quencher resulting in increased fluorescenmce.
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+ Chemiluminescence (Bioluminescence) Sensors

Due to the existence of bioluminescence at aquatic depths
it may be possible to take advantage of these chemigtries for aensors.
An example would be the photeprotein, aiquorin, which chemiluminegces
when in the presence of Ca(II). This is irreversible, highly sensitive.

. Irreversible Fiber Optic Sensors for Harsh Environments

Where it is not feasible to use a flow injection analyzer,
i.e., the middle of a plume, a disposable fiber optic sensor could be
introduced. The sensor reagent would require immobilization. The dur-
ability of the sensor chemistries in thege circumstances is unknown but
the design of optical fibers offers a unique way of probing inaccessible
regions. Given the low cost of the fibers the development of disposable
sensors is not a limitation.

6. Optical Fiber Array Multiplexing

Fiber optice can serve to couple an array of optical sensors
(coptrodes) to a central spectroscopic instrument. This allows rapid,
meltipoint measurements in a maomer that may be more convenient than
other similar techniques (electrical sensors for example). Furthermore,
some of the dirert spectreoscopic techniques mentioned above may be
performed through optical fibers to accomplish multipoint monitering.
Currently available multiplexers allow dwell times of 1 ms per optical
fiber (with the possibility of addressing 32 fibers). Optical fibers
transmit light signals with immunity to electromagnetic interference over
long distances. One might imagine that data could be transmitted directly
through a hull of a vessel without the noise that conventional electrical
feedthroughs encounter. One could localize the gpectral ingtrumentation
within the bhull and trangmit light to make measurementeg through it.
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VIIl, REPORT GROUP 3

Microlaboratories for In-situ Chemical Analyses
in Hydrothermal Vents

Reported by
Kenneth Johnson

The detection and exploration of hydrothermal vent systems requires
the development of real time chemical snalyzers that can be operated in-
situ. Because of the variety of studies that can be envisioned, there is
a need for many different types of chemical analyses to be performed, and
a wide range of concentrations that might be encountered (i.e., Mn from
0.1 aM to 1,000,000 nM). Physical and chemical variability withinm wvent
systems requires a measurement time scale that may vary from seconds to
years. Systems that can be adapted to a variety of conditions are neces-
sary. While selective chemical sengor technology is an attractive tool
for real time studies of vents chemistry, much of the technology remains
to be developed. Chemical microlaboratories, on the other bhand, provide
a capability for in-situ chemical determinations that are adapted from
proven methods and are available today.

We define 'microlaboratories' as systems that allow a series of
automated manipulations, necessary for the determination of dissolved
chemicals, to be performed with no intervention necessary from the
operator. Such systems can be used to adapt existing methods of chemical
analysis for use in-gitu around hydrothermal vents. ‘Microlaboratory'
systems provide a technology that, in some cases, requires no, or rela-
tively little, additional development to provide a working system.

The manipulations that are typically necessary to perform chemical
analyses by a microlaboratory system in-situ can be divided into a rela-
tively simple set of operations: the accurate delivery of fluids via an
appropriate pump, directional control and mixing of fluids by valves,
detection, and data storage and manipulation. These units may be reliably
built in modular form, providing a high degree of user flexibility in the
analyses that may be performed with minimal additional development of
hardware.

Microlaboratory systems that perform these manipulations are
usually designed around one of two modes of operation: continuous flow or
bateh mode. Batch mode operations, which are oftem thought of as robotic
systems, are widely used in industrial and clinical laboratories. We
believe batch mode operstions would be impractical for in-situ use in the
foreseeable future.

Continuous flow systems, on the othér hand, have been widely used
in oceanographic research both onboard ship and, recently, in-gitu. These
highly modular systems are easily adapted to a variety of conditions and
analyses, vhich makes them well suited for vent research. At present the
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only example of a working microlaboratory for chemical determinations is
based on flow injection analysis (FIA). FIA gystems cas be used to
perform a complex series of chemical manipulations (solvent extractiom,
preconcentration, separations, multiple reagent additions, standardiza-
tions, etc.) and can be interfaced to a wide variety of existing chemical
detectors. Furthermore, FIA systems are capable of operating in-situ and
they have already proven to be useful tools for the study of hydrothermal
vent systems.

FIA systems now in operation are suited for short term (¢ 1 day)
deployments from submersibles and on hydrowires. In-situ chemical detec—
tion schemes are presently limited to colorimetry. With little additional
engineering development the endurance of in-gitu FIA systems could be
greatly expanded. Additional sensor technologies implementing electro-
chemical, fluorescence, and chemiluminescence detection will permit multi-
species analysis and greatly increase analytical sensitivity. With little
additional engineering development the endurance of in-gitu FIA systems
could be greatly expanded. For example, major power consuming components
involve the peristaltic pumping systems. Alternate low power means for
fluid pumping are use of microgear pumps coupled to brushless DC motors
and possible future application of piezo-electric pumping systems.

For long term deployments increased life time of labile reagents
must be addressed.
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IX. REPORT GROUP &

In-situ Mass Spectrometer

Reported by
Kristin Orians

It was concluded that in-situ mass spectrometry would be possible,
but only with great difficulty and expense. The species which could be
analyzed by this technique include: gases (He-3, He-4, other noble gases,
0z, €0z, CO, CH4, C.He, H20/D;0, H., NHy, H;S), volatile organics, and
selected isotopic ratiocse. All of these except for the noble gases can
currently be measured by alternative (and more readily available) tech-
nologies as described in the reports for the other groups. Probably the
greatest problems in trying to deploy a deep sea mass spectrometer are:

1) Operation of a high vacuum instrument in an intrinsically high
pressure environment.

2) Power requirements and size.
3) Problems with need for eliminating water vapor.

In order tc better document these difficulties with currently
available technology, a '‘thought exercise" is outlined below which illus-
trates some of the possibilities and limitations of trying to deploy a
mags spectrometer for underwater work.

Sampling mechanism: Hydrophobic mewbrane - possibly Teflonm.
Quartz would be a possibility if only heliuws was to be measured. The
membrane must be able to handle high pressure gradients (for example,
from 400 atm to vacuum), Additional selectivity might be added by using
a smwall gas chromatograph as currently in use for various types of field
work in non-oceanic environments.

Size: The vacuum space should be kept as small as possible
(1. em’ or less, if possible) to minimize pumping energy. With such a
small wvacuum space, it might be possible to use an ion trap to detect
single ions as an image charge (eliminating the need for an electron
multiplier)}, The limitation of the "smaller vacuum space™ approach is a
density of less than 10E° ions/cm® in order to minimize ion-ion
interactions in the source which would lead to signal distortion.

Ion Traps are basically of two types:

1) Quadrapole. These have an advantage in having oo magnet.
Their disadvantage is that the ion source temperature must be maintained
at about 500°C (if attempting single ion, or image charge, detection).
Also, a complex signal detector is required to sort out the small gignal
which occurs ou top of a large quadrapole V cycle signal.
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2} Ion Cyclotron Resonance (Penning trap). The advantage is that
no ion heating is required and that rapid FT signal processing is
possible. The disadvantage is that a (large) magnet is required. In
addition, tuning would need to be computer controlled and the whole system
should be kept in a pressure casing. Most of these would require heating
to about 150-250°C except for the RGA type.

Pump: Possibilities include Cryo and Penning pumps which have low
power requirements, but can't pump He and H,. For this purpose, pumps
having higher power requirements {about 5 KV) would have to be used (i.e.
turbo, Getter, ion, or diffusion pumps). An ion pump could be used after
some sort of rough pump which is capable of achieving less than 10E™°
torr.

Ionization would be carried out either by an electron beam (10E™*
amps/torr) or via photoionization.

Available technology includes residual gas analyzers (%$5,000-
$20,000) which have a mass range up to about 200 amu and generally come
with quadrapole detector, turbo pumps, and a very sensitive electron
multiplier. Sizes are generally in the range of about 1 ft®, although
the Nier NASA Mars lander probe was considerably smaller. However, it
must be kept in mind that this probe was designed to operate in a vacuum
rather than in a high pressure emvironment.

Calibration. FIA to pass standard, blank, and sample over sampling
membrane. Drift would have to be monitored continuously in situ.

Other Considerations. Some thought was given to a system which
could be pumped down onboard ship, sealed off, and then used in the vent
area for only one dive, possibly with a smaller in-gity pump. However,
since such a system would be unable to carry out measurements continuously
or over any reasonable time period, it is hard to sgee the advantage of
such a system over shipboard measurements.
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X. REPORT GROQUP 5

Microtechnology for Innovative Solutions to
Chemical Senscr Needs

Reported by
David J. Edell

Microtechnology can be effectively applied toc 2 small number of
chemical sensing needs. Conceptually, large scale systems with integrated
circuit signal conditioners and multiplexers can be developed, custom
devices which involve non-standard microtechnology often require very
expensive, time intensive developmental efforts. The most difficult
problem with the use of microcircuit technology is the problem of protec-
tion of the circuits from saline enviromments. This problem is being
addressed for applications of microcircuit technology for long term
(decades) use in biological systems. At present it appears that micro-
circuits can be used in saline enviromnments for at least months and
perhaps years when appropriately designed and fabricated. It should be
noted that standard silicon integrated circuit technology device perfor-
mance is severely degraded at temperatures above 150°C,

Why would anyone build an integrated sensor for chemical oceano-
graphy? The need is not clear. Perhaps, there may be justification for
an integrated system that measures many parameters at many locations
(thousands) over relatively long periods of time. Such a aystem could
conceivably measure temperature (stable resistance thermometry), conduc—
tivity (4 point measurement), and pressure/seismic, light and pHE using
reletively known and proven technologies. Since pH is a surface potential
measurement, the effects of surface contamination on the sensor would be
the most likely problem to be overcome. Many macroscopic amperometric or
potentiometric methods that are acceptable could also be integrated on
such a probe. One possibly useful technology is a multiple microelectrode
system which enhances speed, sensitivity, and reduces stirring effects.
Drive, sense, signal cooditioning and multiplexing circuitry could be
added to complete a sub-system which conceptually could be assembled onto
a long cable system for deployment as a staticnary or towed profilometer
system. However, if the number of devices are not large, it is more
economical and timely to use more standard technology.

Other sensors could be useful - such as hydrogen sensors, 0. and
02 sensors -~ but fabrication complexity (expense) and long term instabil-
ity are major problems.

Other microfabrication technologies which may find use in the
development of chemical analytical systems include various micromachined
structures and membranes. Micromachined structures can take many forms,
and there are numerous materials and geometrical limitations, but in
general, structures can be made down to 0.lp dimensions. Microtubules
with 107* ¢m® cross section and centimeter lemgths can be fabricated
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reproducibly. Microchannels with 200/1 aspect ratios and defect free,
perfectly parallel monocrystalline silicon sidewalls can also be fabri-
cated. One of the more intriguing aspects of microfabrication technology
is the ability to fabricate planar optical waveguides. With microlitho-
graphy one can etch intc the layer various optical devices such as lenses
and gratings. In addition, flow channels can be fabricated so that fluids
can be continuously passed through the system. As an example, consider
the recently developed integrated optical disk heads. These eliminate
the need for hard fabrication and alignmwent of at least nine optical
elements. We foresee the adaptation of this technology for production of
particle counters and flow injection type detectors.

1000A membranes supported with integrated silicon grids can be
fabricated of silicon dioxide, silicon nitride or many other materials
including metals and polymers. The support grid can have openings down
to 1 micron to create membrane systems which are extremely strong.

A possible use for microchannel or microtube systems could be for
rapid separation of gases from liquids using semipermeable membranes. If
the tubes or channels were designed as light guides, it may be possible
to construct an in-situ optical spectrometer for dissolved gases. Research
would need toc be done on choice of membranes and fabrication techniques
for certain membrane materials.

In spite of all the potentially useful and certainly interesting
concepts that could be developed, a cautious approach is advised since
the technology is quite expeunsive and time consuming to develop. Perhaps,
as a collaborative venture with a major university, or NASA, it would be
a reasonable technology area to investigate for solutions to problems that
cannot be solved other ways.

Where possible, standard IC's nevwly developed for consumer markets
should be used. These are highly advanced, general purpose, low power
subsystems which are low cost ($15-25). Three very useful IC's are
femtoamp electrometers, instrumentation amplifiers, and icepoint compen-
sated thermocouple conditioning circuits.

A novel biosensor concept, which would be worthwhile exploring in
the context of research would he to develop biosensors based on transduc-
tion of information from living systems. For example, if a particular
ecosystem is being investigated, identify a suitable animal with a reason-
ably—developed nervous system that could serve as host for a tramsducer
for extraction of neural information related to particular chemicals of
interest. An example might be to implant the olfactory systems of salmon,
and transduce the information from their chemoreceptors which are known
to be quite sensitive. The advantage of this system would be that the
gensors would be maintained by the living system, so long-term stability
would be assured. This came approach may be applicable to deep sea crgan-
ismg if they could be brought to the surface, adapted to low pressures,
implanted, then re-adapted to high pressures.
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XI. ADDITIONAL COMMENTS
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Commente by
Jeffrey Steinfeld

The conclusions reached during the workshop are pretty well
incorporated into the report of the "Optical Semsore Technology" working
group. While there are distinct possibilities for dissolved gas analysis
by NDIR spectrophotometry following stripping from seawater (possibly in-
situ, certainly following sample retrieval), and for Laser-based Raman
(LIDAR) techniques, the approach which seems to have the greatest near-
term potential is application of routine colorimetric and spectrophoto-
fluorimetric measurements in-situ, most probably in conjunction with
optical fibers and/or flow injection technigues.
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Comments by
Jamee Callis

The Sensor Hierarchy and Chemometrics

In thinking about chemical sensing the most obvious approach is to
consider the analytes of interest one at a time. Thus, one would make a
list of species to be elucidated and then obtain one sensor for each
analyte. Unfortunately, this approach has the drawback that most chemical
sensors are -simply not selective enough and if they report only one para-
meter such as voltage or intemnsity then there is no way of confirming that
the signal is actually wmeasuring the desired analyte., On the other hand,
if the sensors were perfectly selective, there would be no possibility of
measuring unanticipated or adventitious components.

As an alternmative to an array of perfectly selective sensors,
consider an array of semsors of less selectivity, but each oune possessing
a differing selectivity for the various analytes. Under these circum—
stances each analyte will generate a pattern of responses across the
fensor array. Mathematically the response cen be expressed as a vector,
and the discipline of linear algebra sghows that much more powerful
analytical methods are available for data reduction. Im particular we
need to consider the possibilities of multivariate calibration and
pattern recognition that can be employed. Recent advances in the former
will allow simultancous multicomponent analysis with powerful methods for
outlier detection and compensation for an unknown andfor variable
background.

The recent work of Kowalski and colleagues shows the possibilities
for unselective arrays. These workers investigated the wse of an array
of piezoelectric mass detectors, each coated with a different gas ¢hroma—
tography phase. By use of multivariate analycig this group was able to
make a seasoned selection of 7 coatings from a menu of 100 which yielded
an optimal analytical instrument for a pre-seliected panel of 15 apalytes.

At this juncture it is important to point out that the optical
spectrum of an analyte can also be considered as multichannel response.
In particular, vibrational spectrescopy has the advantages of universal-
ity of respeonse, but the response is quite unique to specific analytes
(i.e., selective). For example in the region 3500-1500 cm™' ome finds
spectroscopic channels for functional groups while at lower fregquencies
the channels reflect the molecular structure and conformation (finger-
print). Here, there has been a great deal of activity in developing
multivariate calibration methods for simultaneous multicomponent analysis.

A relatively neglected region of the spectrum of the near infrared
from 600-2500 nm. Here one finds the vibrational overtones of OH, NH and
CH groups. Although these bands are weak and relatively broad and over-
lapping, the measurements can be made with excellent signal to ncise
ratios (10%/1 to 10°/1) over long enough path lengths (100 microens to
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1 cm) to preclude sampling difficulties. In addition, one can take
advantage of the fiberoptics technology that has been developed for the
compunications market, miniature photodetectors, light emitting diodes
and even lasere are readily available,

Many years ago it was pointed out to the oceanography community
that the near infrared spectrum of seawater was remarkably sensitive to
salinity and temperature. Unfortunately, little advantage could be taken
of this phenomenon because the effects were subtle and confounded. Recent
studies at the University of Washingtonm show that with the aid of multi-
variate calibration and advanced spectral instrumentation the temperature
and salinity of seawater can be simultaneously measured. With the advent
of miniature spectrometers and diode arrays it is time to consider the
possibility of NIR spectroscopy over fiber optics as a continuous means
for seawater characterization.

While multichannel sensing will greatly advance the capabilities
of in-situ analysis, there will undoubtedly remain a significant fraction
of problems involvipg trace amounts of analytes in very complex matrices.
For these problems, sample preparation will be required. Bere, the
rapidly evolving technology of flow injection analysis (FIA) can be used.
Sampling, extraction, concentration, chromatography and detection can all
be performed with very tiny modules. From the chemometrics standpoint,
FIA is unique in introducing a new dimension to the analysis - that of
time. When multichannel detectors are combined with flow injection
technijues the resulting data is obtained in the form of a matrix.
Linear algebra shows that such second order tensors provide even more
powerful analytical methodologies. In particular, for linear systems the
newly developed strategy of rank annihilation provides a way to obtain
quantitative results even in the presence of an unknown and variable
background. '

In conclusion, we have seen that there is a hierarchy of chemical
sensors ranging from simple one-channel/one-analyte Eensors to multi-
analyte sensor arrays to ultraminiature instruments to chemical miero-
laboratories. Correspondingly we have seen how the data sets range from
one parameter (scalar) to multiparameter (vector spaces) and with incor—
poration of the time dimension to multidimensional data sets (matrices).
As the dimension of the data sets increase the computational requirements
increase correspondingly. Fortunately the rewards are also commensurate
- quantitation in the face of an unknown and variable background.
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Comments by
Frank Sansone

1. Application of B: Sensors

*  mapping
measurements of H, concentrations and transformation
rates in fluids and plumes

. determination of Eh in vent fluids

Advantages of H; Sensorsg:

* high concentration in vent fluids and low concentration in
ambient seawater

Sensorgs Available:

Fuel Cells:

low cost (e.g., $10,000)

currently available, although they need improvement in
sensitivity and respomse time. Also, they cannot be
used above 60°C

low power requirement

such sengors are currently deployed

Chemfets:

small and easy to deploy; very low cost (less than
$5,000)

only available as laboratory prototypes - need research
fast response

cannot be used over 60°C

probably unsuitable for high-sulfide vent fluids end-

small and easy to deploy

L ]

»

-

»
members
Ceramic oxides:

L

-

can be used at high temperature and pressure
not yet available - need 1-2 years of research
low cost (less than $5,000)

2. A Special Sensor Needed for large~Scale Mapping of Vent Plumes

Use:

Would be used to identify previously unknown site of hydro-
thermal activity. The sensor would be mounted on a towed or free

wehicle,
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Requirements:

very high gensitivity
very large dynamic range
small size

low weight

low power consumption
fast response

The value of such a sensor is indicated by the "usable dynamic
range”™ (see Table 2 below). The chemical species measured must have very
high concentrations in vent waters, and very low concentrations in
ambient seawater.

Table 2. A comparigon of the wusable dynamic range of hydro-
thermal vent sensing systems. Usable dynamic range = (vent
water composition - ambient water composition (or detection
limit, if  higher)) <+ analytical precision. Vent water
methane and hydrogen composition data are for the East Pacific
Rise (Whelan and Craig, 1983).

Vent Water Ambient Analytical Usable dynamic

Parameter Composition Composition Precigion range
Temperature 30°¢C 4°C © 0.005°C 5.2 x 10°
(low T vent)

Temperature 3s50°C 4°¢ 0.005°C 6.9 x 10°
(high T vent)

Me thane 50-65 UM 1 oM 0.1 oM 5.1-6.5 x 10°
Hydrogen 360-1700 uM 5 nM 10 oM 3.8-17 x 10°
(present (detection

instrument) limit)

Hydrogen 360-1700 uM 0.3 oM 0.03 oM 1.2-5.7 x 107
{optimized

instrument)
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Comments by
Andrew Campbell

Suggestions for Microlaboratories (see Report Group III) for
High Temperature Fluid Analyses

A. Requirements

1. Obtain relatively pure endmember samples (less than 2 aM
Mg)

* pump system with 2 thermocouples to monitor purity
* cooling coil (to cut in on command)

2. Subsample cooled solutions

3. Direct samples of high temperature fluids
E. Analyses

1. H2S + sulfide species

2. NO:, NOz, and NH:

3., Dissolved gilica

4, Mn, Fe, Cu, Zn, Pb(?)

Contentration ranges: Mn: 100 uM - 3 mM
Fe: 10 uM ~ 20 mM
Cu: 40 M - 40 uM
2n: 100 oM - 100 uM
Pb: 50 oM - 500 oM

C. Field Studies and Engineering

1. Off shelf with currently available technolcogy

2. Combine pump sampler with in-situ flow injection analysis
system

3. Field studies of prototype
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SECTIONS XII to XV: APPENDICES
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XII. APPENDIX A: Viewgraphs Presented by the Different Groups During the
YWorkshop
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Group 1

Electrochemical Measurementg at the Ocean Floor Hydrothermal Vents

1)
2)

Methods of

Potentiometry vs. voltammetry
Bigh T./High P. vent fluid vs. Low T./High P. Plume/SSW

Choice: High T./ High P. Voltammetry

a)
b)

cl
d)

Solid state electrodes - Direct
Square wave volt. (most sensitive)
Linear sweep volt. (least sensitive)
Both Fagt!
Redox species - Ha, §, 0., Fe®*, Cu®*, etc.
Speciation H:S, SO3 (metal complexes)

Plating Approach — Indirect

a)
b)
c)
d)

e)

Plate metals

Plate non-metals

Measure in real time or onboard ship

[A] to vent fluid velocity not diffusion possible to calc.
fluid velocity by varying deposition time

Vary plating potential for selectivity or electrode protectiom

Needsz - Concerns

a)
b)
c)
d)
e)
£)
g)

Best electrode material and construction for ref. and working
Stability of electrodes

Standard Calibration

Ionic strength adjustments?

T/P corrections

Single electrpde ve. array of micrnelectrodes

Profiling possible?

Righ T/High P

Potentiometry

1)
2)

Electrode stability critical
Uses for Li*, pH, Na*, C1°, F7, §

Low T/High P

Both Potentiometry + Voltammetry are Feasible

1}

Potentiometry - major cations, anions

2} vVoltammetry - trace, redoX species



Approaches

1) Direct measurement in situ

2) FIA approach (if necessary)

3) Plating approach (voltammetry)
« 30 sec depositiom
« 10 sec data acquisition

Conclusion

1) Electrochemical techniques are feasible
2} Lab studies

3) Field Studies

4) Adapted to Rosettes

5) LCEC

6) Cost
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Optical and Spectral Techniques

Measurement

Typical Parameters

Technique

Comments

Dissolved
Gases

Dissolved
Gases

Particulates,
Microorgan-
igms

Flow Veloci-
ties and
Fields

Temperature

Digsolved
Chemicals

Conjugated
Digsolved
Organics

CHQ; H159
NH39 co?

Above + H:, 0:,
503

Bacterial number
density; precipi-
tate density

Current speeds and

direction

0 to 350°C

Hy, COz, 02,
Ionic species

Metabolites and
other biochemical
traces

Non-dispersive
infrared with
gas correlation
filters

Raman Scattering

Light Scattering

laser Doppler
Velocimetry

Fluorescent
Optrode

Reactive Optrode
with colorimetric
or other detec-
tion method

Visible
Fluorescence

Applicable oanly to
IR active gases,
needs purge or
membrane technique
to partition dis~
solved gases.

Requires visible
laser, probably
diode pumped solid
state. Capillary
geometry with dis-
solved gas separa-
tion may be neces-
sary.

Best done with
laser (see above).
Needs calibration.

Requires wvisgible
laser; may have
large Rayleigh
scattering back-
ground.

Relative fluores-
cence from tempera-
ture dependent sur-
face, e.g. Eu/Er -
can be multiplexed
to yield tempera-
ture field fluctua-
tions.

Techniques under
development ~ see
"microlab” section.

Limited to fluores-
cent species, not
quenched by high
pressure.




Group 3

'Microlaboratory' - a system that performs one or more manipula—
tions on the sample and which can operate automatically with no operator
intervention. Provides results in 'real’' time.

'Sensors’ - require no sample manipulations

Microlaboratory types

1) Batch - robotic systems
2) Flow - FlA

What's feasible now
FIA - colorimetry

What's feasible soon
FIA - electrochemistry + %7

"'Thinkjet' pump!”
""Capillary pump!"™
"Infusion pump!"

Requirements for Chemical Analysis

There are & wide variety of possible studies that require many
different analyses over a broad concentration range, i.e., Mn: 0.1 to
1,000,000 oM.

Broad time scale - seconds to years

Variety of conditiong - 2- 350°C

A single sensor for ome element is not likely to gpan the range of
concentrations and conditions.

NEED a wmodular, adaptable system for many analyses and detector
types.



In-situ Mass Spectrometry

Potential: Sensitive technique to measure gases and volatile organics
with isotopic selectivity. Multi-element sensor.

Components : Sampling interface, ionizing beam, ion trap - mass
selection, vacuum pumps, signal interpretation electromics.

Limitation: Power requirements
Size « ¢ 1 cubic foot, can scale down
Pressure housing
Heating — only for rough pump onboard ship

Saopling Interface

Bydrophobic membrane - Teflon?
High pressure (300 atm to vacuum)

Ionizing Beam
Electron beam (or photoionizatiom?)

Ion Trap/Mase Selection

Quadrupole
Vacuum requirement oot as strict

No magnet
Rapid mass scan capabilities
but — High ion temp (500°C)?

Volatile organice can be measured

Ion Cyclotron Resonance (Penning trap)

No ion heating
FT signal processing
but - Need magnet
Righer Vacum?? (only need unit mass resolution)

Ion Detection

Electron multiplier

Single lon detection - image charge
(small volume)

Faraday cup (semsitivity: 10 * amps/torr)

-
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Vacuww Pumps

Cryo Small and cheap, but difficult to maintain in remote
region over time. Need to clean up.

Getter Penning To remove reactive gases — use in series with iom pump
for noble gases

Turbo High power, could use to rough putp enboard ship

Ion Can be small with low power requirements if used to
maintain existing vacuum with low load.

Good for noble gases.
Rough pump onboard ship (with turbo pump and higher T)
Maintaio vacuum in-situ (with Getter pump and ion pump)

Small volume, low load

Avajlable Technology

Residual Gas Analyzer

Cost: $5K -~ $20K

Mass range: Up to 200 amu

Components: Quadrupole, turbo pump, electrom multiplier
Size: 1 Cubic foot ?

Power requirements: Large ?

NASA Mars-landing Probe
7?

Faraday Cup System

E-beam filament ionization
Quadrupole mass selection
Direct ion detection - Faraday cup
Smwall (3" diameter, B" long)

2 amp, 110V power at max.



Microtechnology for Chemical Oceanography
Non-standard technology 1is costly wunless delivered in large
quantities (10,000°s).
Complex circuit systems no more expensive than simple ones.

Circuite limited by protective coating technology, but should last
for 1 year, using special tech.

High temperature operation iz a limitation (<150°C-200°C).
Why micro technology? Perhaps for multisensor, 3-dimensional

monitoring of global system.

Micro—-Machined Structure

Planar optical wave guides with lenses and gratings and flow
channels.

Adaptation of optical disk heads for particulate counting and flow
injection.

Membranes, membranes/light
. SPM for H:,
GH“ H:S5
Light for spectroscopy
Argon purge gas

Possible Multisensor System

Temperature
Diode

Thin film resistance

Conductivity
4-Point measurement

Pressure/Seismic Sensor

Light
Diode

=

Chemfet (surface problems)



—40—-

Any other gtable amp./volt. technique could probably be incorporated.
Multiple microcathodes may be of some value.

Must be multiplexed, etc. and ordered in quantities of thousande;
otherwise use gtandard technique.

Conclucions

Large number of possibles.
A few reasonables.

Each reasonable idea requires substantial investment in
development and maybe some research time and money.

Without large quantity need, or very acute need for speed or
small size, use more standard tectmiques.

Neural sensors for use of marine animal bicaensors?
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XII1. APPENDIX B. Report No. NOAA-88-1: Development of Fiber Optic
Chemical Sensors for the Measurement of pH, (0., and §; in Sea
Water (with permission from Lt. Cmdr. J. M., Tokar, U.S. Dept. of
Commerce).
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Report No. NOAA.88-1

Alsnnual Technical Rezorg

Contract No, 50-DMNA-7-00162

Development of Fiber Optic Chemical Sensors {FOCS)

For The Measurement of pl, GOz And 03 In Sea Uatsr

Frepared by:
Kisholoy Goswami, Sr. Scisncist
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ABSTRACT

Fiber optic chemical sensors (FOCS) are being developed for ths ssasuramenc of pH
and the detection and quantificacion of carbon ‘dioxide (CO3) -and exygen {03} in
sea water. These szensors are being developad by ST&E, Ine. under a FPhase Il
SBIR contract with the National Oceanographic and Atmospheric Adsinistration
(NOAA). Deliverables under this contract ars the thres (3) sensors, a Jl-channel
reader, participation In at-sea evaluations, R & D drawings, an operations
manusl, biannual technical reports and & comprehensive final reporr. .

During the first six (6) months of this program, the following tasks were
initiated:

(1) Recheck, upgrade or replace the individual FOCS chemistriss developed
during the SBIR Phase I program. This Includes evaluating flucrescence vs.
absorption vs. refractive index measurements, direct msasuremsnts vs. energy
sxchange and graft vs, dipped membranes.

(2) Evaluate other FOCS dasigns. The cbjective is to datermine whether side
coating che fiber optic has significant sdvantages over tip-coating. In
addicion, the passibilities of using a resarvolr probe is being svaluated.

(3) Establish specifications for J-charmel reader. Thia will previde
individual meagurement systems for each type of FOCS cthus making simultaneous
readings possible.

(4) Develop testing procedures. Thess fall into two (2) categories: {i)
laboratory evaluation and calibracion and (1{) sea trials. In tha laboratory,
nodifications of test procedurss used to calibrare medical inscrusentation is
being considared. It fs too sarly to consider the at-sea tests,

{5) Maks, test and evaluate pH, CO7 and 07 FOCS based on (1-4) above.
(6) Protect the FOCS from fouling by sea water constitusnts.

In addition, the Principal Invescigator presented a seminar at NOAA sumparizing
the Phase 1 SBIR program and discussing the goals and faocus of the Phase 1I
effort. Furthermore, the ROAA Technical Officer and the Principal Investigaror
are preparing a technical paper based on the Phass 1 ressarch for publication in
4 pest raviswed journal.

TN
ST&E, INC. NS



Ayl

Lo INTRODUCTION

The firsc six (€) months of this program wers devoted to the transition from a
Phase 1 to a Phase I1 SREIR affort, 1In doing research and developaent under the
SBIR satup there is an abrupt change in focus between phases. Phase I is a
feasiblilicy study. The objective to covert and ides or concapt into something
that works. Fhase II iz to davelop an operating prototype, i.e. the precursor to
a cocmmarcial product. The goal 1s not only & device that werks, but one that
parforms well and meets specifications under in-gity conditions. In the presant
program this means converting fiber optic chamical sensors (FOCS) for pH, €Oy and
Gy frem laboratory damonstration wunits te practical probss which can make
measurements In sea water froam shipboard,

During this reporting period six (6) tasks were Iniriated:

(1) Reevaluate the chemistriss daveloped for Phase I and based on this
critique use the existing reagents, modify or replaca thass.

(2) Appraise existing FOCS designs and choose ona (1) {or, perhaps twe {(2)}
that bast mest ROAA‘'s requirepsncs for in seaa WATAT Bassuremants.

(3) Eszcablish the specifications for the J-chamel resder and initiate
performance tests on individual sub-assambly conceprts,

" (4) Develop tast procedures, including calibration, for both laboratory and
saa trials usa.

(5) Continue test and evaluation of design and chemistry selection using
breadboard FOCS until final sealections are mads (befors end of first year of
program and aftar initial sea crials),

(6) Determine how to protect the FOCS chemistry from fouling by sea water
consCituents,

In addition, selectad support functions were/ars being performed:

(1) The Principal Investigator presented a seminar at NOAA on August &, 1987
during -which he discussad the results of thes Phase [ «ffort and the Phase 11
goals.

(2) NOAA, ST&E and Tufrs University personnel are proparing a series of
technical papers, for peer reviewed journals, on the monitoring of sea water
using FOCS. The first article will be on pH of ses water,

{3) A subcontract was signed wvith Tufts University (per the 5T&E Phase II
Proposal) for a cooperative affort on the COy FOCS.

ST&E, INC.
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I1. ACCOMPLISHMENTS

During this sfix (6é) months the following seven (7) specific tasks have been
addrassad and conclusions drawn:

(1) Two (2) FOC5 designs have been agreesd on: (1) side coating {Section
II1.A.1) and (i1) a rsservoir at the distal and of the fibar {Section III.A.2).

(2) Several dyes will be used to cover the complete pH range. No final
sslection has been made but preferences ars beginning to develop (Secriocn
II1.B.1) and no decision has been finalized betwsen direct fluorescence and
enargy exchange techniques (Section III.B.1).

(3) Tha uss of hydroxpyrenetrisulfonats and a gas parsssble mesbrane has baen
salected for the analysis of carbon dioxide (S5ection 1I1.3.2)

{4) The ruthenium tris-bipyrazyl complex has bc-n selectad for che detection
of oxygen (Sectien I111.8.3).

{(5) The use of branched polysthylerns glycels has besn selectsd for
immcbilfzation of the sensing reagents (Section II1I.C).

(6) 1Initisl laboratory procedures for standardizing csalibracion and test of
tha FOCS hava besn established {(Section III.F}.

(7) Prelininary designs for the 3-charmel readar havs besn discussed and
salacted, and the parta for breadboarding critical subassesblies orderad (Seccion
II1.E).

The resulCs discussed abovs ars based on conotrolled lsboratory szperissmts using
test FOCS or test piecex (usually microscope siides).

ST&E, INC.
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I1I. TEGHNICAL DISCUSSION

The purpose of the present ressarch and developsant is to produce fibar optic
chemical sensors (POCS) for the measursment of pH and the detection and
quantification of CO; and 02 in sea water. The effort can be divided into three
(3) components: (1) the thres (3) differsnt FOCS, (ii) the reader (filcer
fluorimeter) and (iii) laboratory calibration and test and in sea avaluation from
shipboard. The technical effort during this reporting pericd has progressed
smoothly and significant in roads have been made towards resaching the goal of
preliminary ssa trials in the susmer of 1988.

A.__TOCS DESIGN

The FOCS developed during Phase I (1] were all tip coated using acrylamide-based
surface amplificatiocn techniques {2,3]). During this Phase I1 affort three (3)
alternative designs have bsen evaluated: (1) side coated [4]}, (i1) zample flow
through (5] and (iii) a reservoir at the distal snd. At this point in the
investigation the tip coated has been rsjected bacauss of poor reproducibility
betwesen sensors (it is very difficule to get the sams amount of material on a
amall surface area, i.s. 105 em?). The flow through senser has also been put
aside becauss the development of this type of sensor would be disproportionate to
the rast of the program. Thus side coated and reservoir FOCS are baing pursued.

Al Side Coatad FUCS

The side coated or “sandwich® FOCS iz based on the sams physical principles that
cause light propagation through an optical fiber. In this case a pseude fiber
optic is ths ssnsor. To explain this requires that a basic fiber optic be
described.

Light transaission through a fiber optic i{s an evanescent wave (Figure 1). If
the refractive indexes of air, the core and the clad are N, N, and N,
respectivaly, then the angle at which the light sntars the clad, ¢., is defined

as:;
e = ‘111‘1 “z/“‘ (1)

and the numerical aperture, MA, is dependent on the sntrance angle of the light,

a_. through the rslationship:

sina, = NA = (N8, - N3 ;) f3/N, {(2)

Furthermore, for light to propagata the fiber, it is requirad that N,>N, . If
this requiremenc is not met then cthe light exits cthe sides of the fiber and not

the tip.

For the sea water sensors whers longevity {s a kay requirement, Cchere 1s a need
for "large® reaction volumes. Furthermore, for good reproducibility it is

ST&E, INC. @
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Figure 1: Light Propagation Through A Fiber Optic

necessary for the sensing reagsnts which ars deposited with the szame thicknass
sach tims. Thizx is bast dons on the sides whare there ars largs surface srsas
(as compared to the tip) and the sensor is lesa sensitive to small anomalies in
the coating. Figura 2 shows a sida coated approach whers the reacting chemistry
is "sandviched" bectween ths core and ths clad. The objective iz to maka the
refractive indax, N, of the reacting sedium greater than N, and K; while keeping
N, greater than N;. Thus, bacause N, fx greatar than N, the light passes through
N, and i{s sent back te the core when it rsaches N,. At this point che cors also
looks liks a clad because Nj is larger than Nj. Thus there is the equivalent of
a “"oultipass reaction volume™ along the surface of the fibar which gives a
multifold increase in sensitivity. Any reactions or imteractions thar do secur
in the reactive laysr will changs the angle and amount of light thar passes
through the fiber. In addition, for fluorescent reactions, the sdded sensicivicy
vill permit small changes in amicted light intenslty to be monitorsd. In order
‘to get the propar N; a polymsr clad will used, In addition, polymers are
desirable because the clad must bs sufficiently porous so that the species to be
monitoread have accessz to thas sensor chemistry. Tha porous clad can also act as a
membrane and protect the chamistry. It should bs noted that the light coming
out of the tip of the sensor will ba an annulus with a dark center because the
light never enters cthe core in this design.

Clad

No
Sensing Hallria;\\\\q_ ..............

Figure 2: A Side Coated POCs
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By immobilizing (Section II1.C) the reactants to the core, any chance of losing
the sensing material by "leakage® through the porous polymer clad is obviated.
It may also be possible to make multiple sandwiches by coimmobilizing several
sensing matearials (N3 has several different active sites) or laysring several
reagents betwaen the core snd the clad (vhere Ny < K, < Ng, etc.).

For the sea water sensors the species specific fluorescant reagents are placed in
the "sandwich*. For pH a porous clad is used while for CO; and 02 che clad is 2
gas permeable, liquid impermeabls, membranas.

4.2 Resexvoir FOCS

The naed for high resolution, leng active lifetrimes and good reproducibilicy
between sensors for a particular species has resulted in the reevaluation of the
Teservoir sensor concept for €02 and 0. In this design (Figure 3) the sensing
reagent are in liquid form and kept in the sensor by the gas perssable membranse.
Using this approach all of the key slessnts of the ssensor can ba very accurately
controllad. The resgent solucion can be made with a wvery high degres of
repsatahility, the active volume can be precisely controlled, cthe fisld-of-view
of the fibar s accurately known and tha size of the mesbrane can ba held to good
tolerances. The one question yst to bs answered is the dissimilaricy between gas
permaable membranas. This will be evaluated during the next reporting period.
The big dravback of the raservoir FOCS is size. It is about 1l cm In diameter
compared to ths solid scate (sandwich) sensors which are 400 to 600 ym, On tha
other hand, the reservoir CO; sensor should bs sbls to measure changes of <+ 2
ppn at an sbient CO; concentration of 2430 ppw, a2 requirement for in sea
measurensnts of C03. The parformance of the solid state vs the resarvoir FOCS
will be fully evaluated during the naxc six (6) monchs .

tlembrane Seal

Rembrane Membrane Retainer

Fiber Tip

Flugrphor
- Standard Female
- ‘\“E—Fiber Optic Connector

e 1 PR m———

Polyme

afr—

Fiber Optic
Plus Sheath

Figure 3: Reservoir FOCS
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B.KOcS CHEMISTRY

Development of the chemistry for the fiber optic chemical sensors (FOCS) for the
measuramant of pH, CO; and Oz has been the prims research objactive for the past
six (6) months. Research stratsgies have bean daveloped, marerials and
equipmencs necessary for the project have bean - salactad. Efforts have been
devoced toward the pH, €02 and Q3 probes. Tha 1n1t:£al findings are sumpsrized in
this sectfon. In particular eaphasis has been placed on fluorophor stability
and the ability to make reproducible sensors with wvary simllar pesrformance
characteristics.

Bl pi Cheaiscry

The "trade offs” betwesn snsrzy axchange and direct fluorescence will continue fo
be investigated becauss each has vary intaresting merits. The advantages of
energy sxchangs include: (i) good sensor stability, i.e. limited to negligible
affects from bleaching and (1{) limited dynamic range wvhich can be translared
inte excellent precision. The bilggest drawback is the possibility of non-
uniformity between sensors, i{.e. the inabiliry to make many sensors which all
behave similarly. Direct fluorescance has the advantages of (i) simple chemiscry
and (11) aasily detected and quancified aignals sven vhen analyte conrcentrations
are very low, 4i.s. sub part.par-aillion. The presant obstacls, for direct
flucrescance is "bleaching® which may ba solvable using the proper immcbilizacion
cheaiscry.

The variation of fluorescencs intensity of a fluorophor with pH is the basis of
this sensor. During the Phase I sffort [1), dirsct fluorascance vas used and a
pH probs based on fluorescein amina as the pR sensitive fluorophor was
demonacratad. Tha principal drawback of this sensor, ss mentionad previously,
was "bleaching™ of the fluorophor when it was sxposed to the excitarion light. To
overcome tha "bleaching sffect® s differant typs of immcbilizacion polymar sysrem
is baing explorsd for attaching the sensing treagent onto the sida of the fiber
optiec. The nsv chemical system uses branched polyethylene glycols (B-PEGs)
{Section 11I1.C). These contain “ether* (-0-) and “hydroxyl®™ (-0H)
functionalities which are inherently poor slectron donors as oppassd to the
nitregen containing functional groups in the acrylamids polymer used during Phase
I. The postulation is that the weaker tha elsctron donor the mors stable the
fluorophor., During the next six (&) wonths, a comparison of the stabilicy of
fluorophors using different immobilizarion polymers will ba completed.

In the case of energy exchange, the initial ressarch included a selsction and
evaluation of absorption indicators. Thess are being looked at from two (2)
aspects: (i) the use of absorption obviatas tha blaaching problems cbserved with
fluorescence dyas and (ii) absorption dyes give more pracise coverage of the pH
range thus wmaking a broader coverage possible which 1s more responsive to NOAA's
needs. This systsa can still made uss of the high sensitivity associated with
fluorescence by coimmobilizing a fluorophor with me pH sensitivity at the pH's of
interest, 1.e., eosin, with the pH sensitive dys and weasuring ths change in
fluorescence intensity as the absorption characteristics of the system change
wicth pH [6}.

ST&E, INC.
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Table I shows the pH sansitive reagents being investigatad. Omly one (1) or twe
{2} will actual be made into a FOCS.

The pH FOCS will use the side coated design only. This is dictaced by the fact
that the sea warer itself must come in contact with the sensing marsrial. Since
effective unidirectional menbranas do mnot axisc, it is not possible to use a
liquid system such as would exist with a reservoir, {.s. a membrane does not
exist which would reliably keep the fluorophor in while allowing the sea warer to
antar and sxlt the sensor at will.

TABLE I
R _Range Dizecr Fluopescence  Enexgy Exchangs
¥ich Eeszin
2.4 to 4.0 2,6 Dinitrophencl
3.1 to 4.4 Horin
4.0 to 5.8 2,5 Dinicrophancl
5.2 to 6.6 Acridine
5.6 to 7.2 Dibromsophsnoltetrabroms -
phenclsulfenchalien
6.0 o 7.0 Luminal
6.0 to 8.0 Curcumin
6.5 to 8.0 Orcinourine
7.2 to 8.8 Creszol Red
7.4 to 9.0 Mstacraszol Purple

B.2 COs Chendstry
The detaction of CO; is accomplished by taking advantage of the equilibriua:

COz2 + Ho0 <---> HpCO3 {3

in this system the concentration of HzCO3 Lz diractly related to the amount of
COp present. In sea water CO2 im thes only gas present capable of forming an acid
with the watsr and thus a pH measursment can be a dirsct measursment of che CO;

concentration.

In practice the pH FOCS chemiscry is separated from the sea water by a gas
parmeable, 1liquid lmpermeabls meabrane. Thus no liquid reaches the sensing
reagents and the pH measured is for cha HC0;3 oenly!

The key to good (07 sensitivity is to choose eirher a fluorophore or energy
exchange systss whose pKa is closs to that of HpC03 at the concentrations
expectead (pKa - 7.2). HPTS (hydroxypyrenetrisulfonate) is being considered as
the pH senaitive fluorophore for the dacection of CO9. It is water soluble
(before immobilization), has good stabilicy {(better than fluorescein) and has 2
pka of 7.3 which is close to the Hp0 + €02 <---> HpCO3 equilibrium at the
anticipated CO7 concentrations. In addicion, several of the compounds listed in
Table I are likely candidates.

i

M
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For the €07 FOCS either direct fluorescance or energy aexchange can be used to
maasure pH. In addition, for the ssa water application either the side coated
design or the reservoir FOCS can be used. At this juncturs in the program the
desitre is to focus on the solid scate sansors (the HPTS immobilized on the sides
of the fiber using B-PEC's) vhile, resliscically, developing the ressrvolr systea
(HPTS in solution in the reservoir) as a back up for the initial ses trisls.

The wembrane is a key component of the CO3 Focs. 1t is an ares of focus because

placing the membrane on a FOCS nasds sors research and development.

For the side coated dasign, emphasis contimues to be placed on the gas peroeable
graft polymsr membrans usad to separate the CO; from its liquid matriz. The

characteriscics of the membrane for the COz sensor are being definad. The yat to
bs answared question is: “Is a gas paraeable, liquid imparseabls, mssbrans

sufficient or doas the membrane have to ba proton impermeable as weli?z". One
mechod of grafting the mambrana to ths B-PEG’s is discussed in Section III.C.

For the reservoir FOCS it is planned to uss commarcially available gas permsable
mepbranes. This is possible becsuss: (i) the ainisum size Iz wsll within
existing technology and (ii) the membrana mechanically fits inte the FOCS and mo

grafting is nesded.
B.3 0O Chemistry

Luminescence quenching is the basis fer the oxygsn sensor dsvelopment efforcs.
Two oxygen sensitive fluocrophores, ruthenium tris-bipyridy complex [RuII(bpy)gl
and ruthenium tris-bipyrazyl complex [auu(bpz)g]. have basn chosen, Their
structures ars shown in Figures & and 5.

2+

Figure 4: Ruchenium Tris-Sipyridyl Complex
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Figure 5: Ruthanius Tris-Bipyrsryl Complex

The tris-bipyridyl complex of ruthenium (Figurs &) can be axcired batween 430
and 490 na and its emission peak appears at 610 m. This ls an ideal wvavelength
rangs to work in. This compound exhibits a vary largs strokas shifc and this
makss the “clean” separation of tha excitation and anission signals possible.
Ic's first exciced triplec energy of 217 kj/mole and triplet lifetime of £70 ns
makes it a vary interesting cholce. lcs luminsscenca is very efficlently
quanched by oxygen as evidenced by the high magnituds of the quenching rats
constant (kg - 3 1109 M-lase~l). Figure 6 shows the lLuainescence quanching of
Ru(bpy)32+ by oxygen present in the atmosphare.

The second oxygen sensitive fluorophors, the tris-bipyrazyl complex of rutheniua,
Ru(bpz)32+ (Figure 5) appears to show a batter oXygen Tesponss a3 shown Iin Figure

7. 1L N

fntensifg

A

[N &
Sk R w.m k-8

Wavelength [nm)
Figure 6: Spectrum Showing 02 Quenching for Rn(hpy)32+
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Figure 7: Spectrum Showing 02 Quenching of Ru(bpz)zt

The data shown in Figures é and 7 i{s for oxygen quenching axpsriments performed
in solution phass. Tha next logical step was to put the onxygen sensitive
flucrephor on & flat glass surface, The attachment has bean achiaved via
physical adsorption. Figure 8 shows the resultant oxygen quanching daca,

4.55 %

Intensity

Wavelength (nm)

Figure 8: Emission speckra of Ru(bpz)32* depositad oo flac glass plate.
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The research now focuses on the immobilization of the oxygen sensitive complex
onto fiber optic cora. Currently, the possibility of "attaching RUII(bpz)a2+ onto
glass core having a cation exchange capacity is being explored. The glass
surface is silanized and made into amino glass (Seccion III.C Equatiocn 5). Then
the silanized glass is soaked in nafion solution. Nafion has a perflucrinated

backbone and pendant sulfonic acid groups (Figure 9) which make ir an attraccive
cation exchanger,

~{CF3-CH3)pn-CFq-CF—
| CFy
| !
0-(CFQ-CF-O).-CF:*CFg-SOjH

Figure 9: Nafion

The plan is to attach the nafion polymer to the silanized glass by slactrostatic
interaction betwasn -NH3* and SOy~ groups. There would be still lplmty of
anionic $03° groups left on the nafion for the uptake of cationic Ru Iivpzyq2+
motetises. This work will be completed in the naxt three (3) months.

The Oz FOCS, like tha C0D7, can be of either side coated or reservoir design. For
this FOCS, tha nembrane is not critical becauss saparation of the gas from cthe
liquid (sea wvater) is not essential for specific, sensitive analyses,

€. IMMOBILIZATION
Immobilization is the general cterminology used for attaching chemistry to a
solid. It covers all aspects from the formation of covalent chemical bonds, to

electrostatic bonding to mechanical entrapment. Ismobilizacrion L5 a necessity
when the objective is & solid stare sensor.

€.l _Actachmenc With Acrylamides

During the Fhase I contracc, acrylamides wers used to attach the chemiscry co che
fibers. This is described, in detail, in the final technical report [1].

The use of acylamides have two (2) major drawbacks: (i) they are strong electron
donors and thus reduce the stability of rthe fluorcphor and eanhance *bleaching*
and (ii) chey have no anti-fouling properties. It was, therefore, decided to
look at the polyethylene glycols to obviate these problems.

" - L

The use of B-PEC's is being considered because: (i) they are weak electron
donors and should improve the stability of the fluorophor. (ii) their use in
immobilizacion is well-documented [7-10], (i1i) they are known to have
bivcompatible (anti-fouling) properties and (iv) the number and types of active
gites can be controlled.
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The final method used to prepare the FOCS iz as follows:
glass/quartz is aade, (ii) ecyanurice

[poly(ethylane glycoal)) is preparad, (iif) the activated polymer is attached to
the fiber optic and (iv) fluorophor is bound to the polymer.

(i) aninopropyl
chloride-activated polyethylane oxids

HO(CHaCHa0),-CHa=CH=0C(CH,CHa0),H

|

CH,
|
0C¢CHaCHR0) H
Here the degres of branching is controlled by the amount of glycidol

0

/\

CH,~CH-CH,0H
included in the polymerization of ethylens oxide.

/\
The B-PEG is electrophilically activated as follows:

N
B-PEG-0H +C1-C”_e-ci Ne
O ——— B-PEG-0-C"C-Cl  (a)
‘uc/’ _ |
i NN
cl

It should be noted that esach OH on the B-PEG can be so activated, thus providing
nuasrous attachmant sites for each B-PEG.

The glass or silica fiber optic is nucleophilically acrivated using a silyl
compound :

STRE, INC. 5%
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silica + (Ne0)45i(CHpY 3 NHy e s1lica = Si(CHp)3NH,
The activated B-PEG is then attached to the glass:

silica =2 Si(CHz);NHp + B-PEG-0-C7C-C} ——>
:

WO

N

(]

{
Cl
(6)

silica== Si(CHy)NH- c/N\c-o-B-PEG-n-c’N\c-m
: l | j
N N

]
N N

I |
C1 Cl

The activated B-PEG is then reacted with the fluoropher:

silica = 51(cua),Nu-c’“‘c—u—a-ns-u-c’"\c
i
Ol Qi
|

1 Cl

=Cl + fluorophor-NH; —*

f

\c/
i
C

N

silica = Si(EHz)zNH-C/N\C-O-B—PEG-D-
I \

N AN

IC‘EN)\[I: ~NH-f luorephor
¢ ey
&

I
Cl
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€.) CRAFT MEMBRANE

The developmenc of the graft membrane s at a very early stage. To do this
properly requires chat the membrane be "hung” on ths polymsr. This can be done
after B-PEG {mmobilization of the fluorophor. Tha chemisrry under invesctigation

proceaeds as follows:

Treatment with NHy puts a -NH; group on the B-PEC.

N

Silica B §i(CHy) gNH-C 7 E-0-8-PE6=0-C7C ~NH~Fluorophor + NHy—
1O ie)

”\c/" "\c/"

| 1
cl €l

' (8}
silica = Si(CHa);NH'C/"\C-O-B-PEG-D-C/N\C =NH=f luorophor
Ol Qi
|
NK NHp

Reaction with acryloyl chloride than introduces s poclymerizable chain.

silica =& s;tcuz),uu-c”“‘c-u-s-P:s-u-r’n‘t-uu-r1uurophur + CHa*CH-COC) —
1O) 1O
|

MH, NHp
(93
L]
silica 3 §i(CHy) JNH-CTN€-0-8-PEB-0- £7mi -NH=1 luorophor
1 O \ i o 1
| '
NHCO NHCD
]
::H CH
It I
CHe CH,
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The polymerizable chain {5 then converted to a mesbrane using a poiya:h-r.

silica == §j(CHy ) gNH-C"

t t
NHLO NHED
I ]
CH CH
If 1
CHy CH,
silica == Si‘C"a’:“"‘c’é“t':-o-o-rcs-u-c’ "‘:-au-poln-r (10)
: O
|
NHED NMCD

! I
CH -(CHa—CHaD)"' CH

CHy ———————— CH,

Pore size can be manipulated by enmploying polyecthers of different chain lengths
why physical propsrcies by possible branching.

Do ANTI-FOULING FROTECTION

As the program progressss and the FOCS are dafined, ths uses for sea wvater
sensors become mors clear. One thing rthat has bacoms obvious is that making
megsursmencs with FOCS hanging ovar tha sida of a vessal, as defined in the Phase
I1 proposal, iz only one of many applications. To be truly versatile the FOCS
must be stable, in sea water, for at least six (6) months and be capable of
making messurements during that time. Since it is STAE's objective to give NOAA
thw best FOCS possible, it has beaen daclded to addtess the longevity problem as
part of ths reevaluation of the FOCS development although it Ls mot a requirement
under the Phase II statement of work.

There s a continued awareness that FOC5 active lifetime could be reduced by
fouling of the chemistry by the constituents normally present in a sea
environneant. Possible approaches to protecting the sansor are being
investigated. These inelude (i) controlled pors size membranes and {ii) a "kelp-
bed type® “waving" polymer to "wipe” the sensor surfaces clean. Most imporcant.
“however, is that previous experiences have shown that polyglycel polymers are
extremely good in environments, such as the sea, whers fouling is caused b¥
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biclegical waterials. ‘These will ba examined first for the side coated FOCS
since B-PEG's are already part of the immobilizacion procedures. Other types of
Rembranes ars also being evaluated for both the side costed and reservoir FOCS.

To assure the long term performance of the FOCS, tharefors, raquires that the
chemistry be protscted both from the sea watsr and from the biological materials
that are also present. For the CO; and Oy sensors a gas permssble protective
nfubram appears feasible. Silicons should provide excellant protsction. It has
high gas permeabilicy and f{s noc attacked by fungi or bactsria providsd a biocide
15 added. Moreover, it is a commonly available saterial.

Silicons cannot bs used with the pH sensor becauss a gas permesble coating would
convert it to & pCOy FOCS, Porous polycarbonats may bs a good protscror but this
could increase the response time of the sensor to 10 to 20 seconds. This will be
wvaluated as the program progressas.

E._INITIAL "READER® DESIGN

The readsr design is underway. Tha snginesr has been inscructad to package
Dearly chres (3) complately redundant systema inte a singls box, Vharse
appropriata, certain subsystams will be common to all cthres (3) channsls, i.e.
battsries, computer, stc. Several critical requiremsnts have besn idantified for
shipboard use: (1) cemperature compensacion for tha opticas and electronies, (ii}
maximum light outpur from the wministure tungsten asource, (iil) cptimum
cransaission of tha axcitation and rsturm (signal) light, (iv) low noise, high
gain amplifiers and (v) & large number of dynsmic range selections. At the
present time parts have besn orderad se¢ that breadboards caun be made and teated
for these important subassesblies. :

E._ CALIBRATION AND TEST _PRQCEDURES

The focus during the first six (6) months has basn on developing calibracion and
test proceduras to be used in the laboratory. Ho sffort has been expended to
data on preparing for tha sesa trials.

The primary sctivity in developing laboratory protocol has besn to cobtact the
manufacturers of medical CO; and 07 weasuring squipment for cacalogs and
specificacions. The possibility of using this type of approved agquipment for an
independant reference 1ls very attractive, Ona quascion that is belng addressed
is the affect of sea water salinicy on these apparaci. It also has besn decided
to use commercially available calibration solutions. Corning offsrs such
golutions (in pressure cans) for use with blood gas analyzers and these should

be apropos.

pH will be calibrated using a buffer set which has been nocdified with the
appropriace 3alt conceatration.

Copenhagen sea water will also be used as a basic standard,

ST&E, INC.
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IV, SIRGSARY

The progras is procesding as planned, 1t is on schedule and within budgetr. MosC
important is that significant scientific advances have been made during the first
six (6) moncha. In particular:

(1) Tha cheaiscry for COj has been selected.

(2) The chamistry for Oy has been chosen.

(3) The decizion on pH chemistry will be finalized within two (2) months.

(4) Two (2) FOCS designs have been picked.
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(5) Laboratory calibration and test protocols will be completed in three (3)
months.

(6) Research and development has begun on protecting the sensors from the ses
water environment to assure long active lifetimes.

(7) Design of the 3-channel “"reader” is undervay and cricical sub-assenblies
ars being breadboardad.

>
Y
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XIV. APPENDIX C. Charge to Group - Material Distributed Prior the
Worksghop.
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Charge to Group - Information Distributed Prior to Workshop

June 20, 1988
Introductory note:

Chemical Sensors f :
Vot Seotess or_Detecting and Explorigg_ocm Floor H?drotherELl

Organization

The workshop will consist of a
presentation of the technical con-
straints surrounding the deployment of in-situ chemical sensors in the
ocean, fo.ll?wed by an overview of the present gituation, and a series of
more specific actual or potential in-gitu sensor applications.

_ (Note: Every participant is invited to make & short presentation,
if flesired - 10 min. of any work related to the workghop; for this, prior
notice and a4 title should be given to the organizers.)

Next a general discussion will be held to identify the most promis-
ing potential sensor technologies. Small working groups will be formed
to further discuss a limited number of sensors defined by the general
discussion as being the most promising. The results of the working group
deliberations will be presented the second day of the workshop and short
written reports from each participant and working group will be assembled
to be edited later as the final workshop report, During the afternoon of
the second day, participants will have an opportunity to tour the Woods
Hole Oceanographic Institution, including some of the laboratories which
are developing the technology which might be used in sensor deployment.

Constraints to keep in mind

The sensors to be deployed have to be sensitive and accurate enough
to record at least the lowest concentratione (usually values for seawater}
shown in the table attached to this note. Furthermore, they must be
developed to work in-situ, in seawater background, at pressures up to 500
bars and temperatures from close to C°C and, poesibly, in some cases, near
the maximmm temperatures of the venting fluids (abeut 350°C). Interfer-
ences between ions {possibly affecting sensors response) and the possible
contamination from the material sensor components must be kept in mind.

It is envisioned that the sensors may be deployed either on fixed,
semipermanent moorings {such as anchored platforms, balloons, 0BS's etc.)
and/or on moving vehicles (free floating, towed, remotely operated, or
manned). The limited power supply and maneuverability available will
also have to be taken into account.

Sensitive and accurate sensors which operate at high pressures
and, in some cases, at high temperature already appear to be available
for some in-situ measurements. They include, for example, temperature
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Probes, pressure compensated pH electrodes, salinity probes, high resolu-
tion photography, etc. Other sensors appear to be very promising but
would need considerable further development to be deployed under in-situ
conditions. These potential sensors might include: ion specific elec-
trodes (Pb, Ni, Cu, Cd, Ca NHs, Br, Cl, F, Cn, I, K, Ag, S, etc.), laser
beams (Raman spectroscopy), voltametric cell {for most oxidizable Bpecies,
inorganic and organic), biological membranes {proteins), liquid and gas
chromatography (primarily for gases and organic molecules), classical
Spectroscopy (UV, IR, M5, NMR; with application for both organic and in-
organic chemistry), fiber optic sensors (chemically selective or tempera—
ture sensitjve}. This list is by no means complete, but illustrates some
possibilities. Furthermore, other types of eensors may not be commercial-
ly available but might nevertheless exist within some specialized research
groups.

The participants of this workshop are asked to identify as many of
these technologies as possible and to draw some conclusions about their
current gtate of development.

Goals of the Workshop

The main purpose of this workshop is to bring together oceano-
graphers, chemigts, bilologists, and engineers from academiz, industry,
and government to discuse the feasibility of in-situ measurement of
certain chemical parameters in the deep ocean. The table included is not .
exhanstive and is meant only to provide an approximation of the sensitiv-
ities required. The table does not pretend to be complete and the parti-
cipants sghould feel free to suggest other poasibilities (for example,
measurement of different bond types to carbon within organic species,
etc.). Oceanographers and biologists might wish to contribute information
on which parameters would be most useful; chemists might wish to address
the feasibility of the sensor systems under consideration; and engineers
may wish to consider potential methods for deployment of the instrumenta-

tion.

Examples of Problems Related to Hydrothermal Veats Which Might be
Addressed Through the Use of Diverse Chemical Sensors

The influence of hydrothermal venting on the chewistry of the
oceans, and the geochemical cycles of many elements.

Heat and mass balances, and estimation of the magnitude of metal
sulfide deposition around active hydrothermal systems.

Amount and nature of temporal variations of hydrothermal activity,
and the relationship of the wvariations to other ewvents - faor example,

earthquakes.

Relationships between biological activity, chemical composition,
and temperature to the understanding of the unique and complex ecosystem
surrounding underwater active hydrothermal areas.
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Testing of the possibility that some of the molecules needed to

form living systems could be, or have been, formed abiogenically around
underwater hydrothermal systems.

Dynamice of recharge of hydrothermal systems by seswater.

Propagation, geometry, physics, and temporal variation of vater
Plumes originated by venting of hydrothermal fluids at the sea floor.

. Quantification of the chemical input (for example gases) originated
directly from the upper mantle and contained in the hydrothermal fluids.

A Comparison Between the Chemistry of Seawater and Selected Eydrothermal
Vent Fluids

The following compares the chemistry of seawater and two types of
ocean bottom hydrothermal fluids: vent fluids from 21°North (East Pacific
Rise), and from the Guaymss Basin (Gulf of Califormia). Both systems
have been studied in detail. The Guaywas hydrothermal system iz covered
with about 500 meters of organic rich sediments; at 21°Nerth, the hydro-
thermal fluids do not flow through sediments but vent directly out of the
basaltic sea floor. The table below is to indicate the approximate
magnitude of the signal of chemical inputs from hydrothermal brines into
the seawater background.

(Mult. by) Seawater 21°N Guaymas
T(°C) 270-350 100300
pH 7.8 3.3-4.0 6.0
Alk 2.3 (-.19)-(~.54) 8.1-10.6
Hz
02 (10™") 0.37
N2 (107*) 1.1
CHa
CO2
co
504 (107%) 27.9 0-0.6 0~0.82
NH (10°%) <0.1 0.1 10.3-15.6
510 (10°%) 0.16 15.6-19.5 9,3-13.8
H2S (107) 0 6.6-8.4 3.8-6.0
PQas
NGa
Li (107%) 0.025 8901448 630-1070
Na 0.470 0.432-0.510 0.472-0.490
K 0.01 0.023-0.026 0.033-0.049
Bb (10~ %) 1.4 27-33 57-86
Be (10°%) 0.00002 13-37 12-91



Mg 0.05
Ca 0.01
St (107%) 0.09
Ba (107%) 0.16
v (107%) 0.05
Cr (107%) 0.006
Mo (10-%) 0.1
W (10°*) 0.5
Mn (10-‘) 0.004
Fe (10-‘) 0.003
Co (10°*) 0.8
Ni (10°%) 0.025
Cu (10~*) 7.9
Ag (10™*) 0.4
Au (107") 0.02
Zn (10°%) 12.6
Cd (1o0-*) 1.0
Hg (107%) 0.16
B (107%) 0.41
Al (107%) 0.08
Sn (10°") 0.1
Pb (107%) 0.2
N (10°*) 10,000
P (10°%) 2,000
As (107%) 50.1
Sb (10™%) 2.0
F (107%) 0.068
Cl 0.550
Br (10™%) 0.8
I (107*) 0.5
He (10°°) 1.58
Ne (107%) 6.31
Ar (10°") 110
Xe (") 0.4
Th (107%) 0.002
U (10™*%) 12.6
Organic species ( g/1)
DOC 300-2000
Volatile fatty acids 5=50)
Non-volatile fatty acids 5-50
Rydrocarbens 1-50
Free Bugars 20
Ketones 10
Aldehydes 5
Phenols 1-3
Acetate 70-2,800
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0-0.002 0
0.01-0.02 0.026-0.042
0.06-0.10 0.16~0,23
1-16 700-5000
640-1024 128,000-236,000
646-2629 17-180
22-230
20=-ki .
0.4 2-230
40-106 0.1-40
17-135 2746
0.004-0.005
183-359 230-652
<l <1
<1 <1
30-452 283-1074
0.472-0.579 0.581-0.637

400-700 *

10-15 =

100-20Q *

0.1-D.3 »

1,000's
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Formate 30-1,000 1,000's
Glycolate 9-1400
Lactate 9-130

— = = = .

All dats have to be multiplied by the number in parenthesis (e.g. 10°7:
multiply by 0.001) in the second columm, concentrations are then in
mole/kg, for inorganic species, and g/l for organic species; Alk is in
meq/kg. Rare gas data marked with * are extrapolated from other wvent
areas and are approximate only. Data from: Von Damm, K. L., 1983, Fh.D.
Thegis, MIT/WHOI, 241 pp.; Stumm, W, and Morgan, J.J., 1981, Aquatic
chemigtry, 2nd Edition, Jobn Wiley & Sons, New York, 780 pp.:; Broecker,
W.S. and Peng, T.-H., 1982, Tracers in the Sea, Columbia Univ. Press, New
York, 691 pp.; Thurmann, E.M., 1985, Organic Geochemistry of Natural
Waters, Kluwer Acad. Press, 497 pp.; and Campbell et al., in press, and
perecnal commnications, etc.
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