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No Limits Freediving

“The challenges to the respiratory function of the breath-hold diver' are

formidable. One has to marvel at the ability of the human body to cope with
stresses that far exceed what normal terrestrial life requires.”

Claes Lundgren, Director, Center for Research and

Education in Special Environments

A woman in a deeply relaxed state floats in the water next to a diving buoy. She is
clad in a figure-hugging wetsuit, a dive computer strapped to her right wrist, and
another to her calf. She wears strange form-hugging silicone goggles that distort her
eyes, giving her a strange bug-eyed appearance. A couple of meters away, five
support divers tread water near a diving platform, watching her perform an
elaborate breathing ritual while she hangs onto a metal tube fitted with two
crossbars. A few meters below the buoy, we see that the metal tube is in fact a
weighted sled attached to a cable descending into the dark-blue water.

Her eyes are still closed as she begins performing a series of final inhalations,
breathing faster and faster. Photographers on the media boats snap pictures as she
performs her final few deep and long hyperventilations, eliminating carbon dioxide
from her body. Then, a thumbs-up to her surface crew, a pinch of the nose clip, one
final lungful of air, and the woman closes her eyes, wraps her knees around the
bottom bar of the sled, releases a brake device, and disappears gracefully beneath the
waves. The harsh sounds of the wind and waves suddenly cease and are replaced by
the effervescent bubbling of air being released from the regulators of scuba-divers.

Bright beams of light illuminate her as she descends on the sled at an alarming
rate, hanging on like a ribbon in the wind, her 1-m-long carbon fiber fins fluttering
like the wings of an insect. The platform soon disappears from sight as she plunges
faster, faster, into an immiscible abyss, the crystalline light fading at a rate of more
than 2 m per second. A marker at 30 m is reached in a matter of seconds as two
safety divers watch from a distance. Four atmospheres. At this depth, the pressure

' The more common term is “freediver”, which is used throughout this chapter.









6 No Limits Freediving

Panel 1.1. No Limits freediving

No Limits is one of the five freediving depth disciplines:

1. Constant Weight, in which the athlete dives to depth following a guide line.
“Constant’ refers to the fact that the athlete is not allowed to drop weights
during the dive.

2. Constant Weight Without Fins follows identical rules to Constant Weight,
except no fins are allowed.

3. Free Immersion is a discipline in which the freediver uses a vertical guide
line to pull him/herself down to depth and back to the surface. Again, the
athlete is not allowed to release weights.

4. Variable Weight uses a weighted sled for descent and the [reediver returns to
the surface by pulling themselves up along a line or swimming while using
[ins.

5. No Limits is the [reediving discipline that permits the athlete to use any
means of breath-hold diving to depth and return to the surface as long as a
guide line is used to measure the distance. Most freedivers use a weighted
sled to dive down and use an inflatable bag to return to the surface. It is the
discipline immortalized in Luc Besson’s film The Big Blue and thanks to a
spate of recent deaths, it has sparked the interest of newspapers, which
inevitably classify freediving as an “extreme” sport.

world in an attempt not only to discover how this mechanism helps freedivers
perform such deep dives, but also to learn exactly what the body is capable of
achieving. Alter several dozen [reediving studies, scientists have discovered that with
training, the MDR response can be amplified. However, this research has not
generated the data necessary to answer the question the media, freedivers, and diving
physiologists have been asking since freediving became a sport over 50 years ago:
How deep can a diver descend on one breath of air? To answer this question and to
understand the problems faced by future No Limits freedivers, we must turn to some
of the world’s leading diving scientists.

No Limits research

Dr. Erika Schagatay is physiologist at Lund University, Sweden, who has been
investigating the responses of freedivers for several years. A professor of animal
physiology and an active diver, Dr. Schagatay (Figure 1.2) is also a freediving
instructor., Her interest in freediving physiology began when she met native
[reedivers who performed [ar better than was suggested in the medical literature at
the time. Since 1988, she has studied the physiology of several diving tribes, including
the Japanese Ama and the Indonesian Suku Laut and Bajau. More recently, she has
focused her research on competitive freedivers.









How deep can you dive? 9

Much of Dr. Schagatay’s research has been directed at determining the
physiological criteria comprising a record-breaking freediver and to find answers
to onc of the most obvious questions: Can the body adapt to increasing pressure and
hypoxia through training or are the most successful [reedivers born and not made?
As a part of one of her studies, she has measured the strength of the MDR (Panel
1.2) in trained and untrained divers using the drop in heart rate as an index [1]. For
example, when divers of the Swedish National Freediving Team submerged their
face and held their breath, their heart rates dropped by half, but by manipulating the
temperature of the water, Dr. Schagatay was able to elucidate additional responses.
Lowering the temperature resulted in an even stronger response, causing the heart
rate to drop even more. In contrast, in the non-diving group, the reduction in heart
rate was significantly smaller, the average drop being only between 20 and 30%.

Panel 1.2. Mammalian diving reflex

The mammalian diving reflex optimizes respiration, which permits mammals to
stay underwater for long periods of time. It is exhibited in aquatic mammals
such as seals and otters but also exists in humans. The reflex is triggered by
cold water contacting the face, which initiates the following changes:

1. Reduction in heart rate by 10-25%.

2. Blood circulation to the extremities is closed off — first the toes and fingers,
followed by the hands and feet, and finally the arms and legs.

3. During deep dives, a blood shift occurs. This mechanism allows plasma to
pass freely throughout the thoracic cavity, so the pressure remains constant.

Developing her studies further, Dr. Schagatay decided to compare the responses
of the trained divers with two groups with a long history of breath-hold diving. First,
she studied the Japanese Ama, divers who use various freediving techniques to
harvest shellfish and seaweed — something they have been doing for more than 2,000
years. She also studied the Sea People, a tribe of Indonesians who live a semi-aquatic
existence, spending up to 10 hr a day in the water. Surprisingly, there were no
distinct differences between the diving responses of the Swedish Freediving Team
and those of the Ama and Sea People. Elaborating on these studies, Dr. Schagatay
decided to examine the non-divers again to see il they were able to extend their
breath-holding time. After 2 weeks ol [reediving instruction, the non-trained divers
were able to significantly extend their breath-hold time, which clearly suggested to
Dr. Schagatay that clitc divers do not posscss any special gene that ecnables them to
do what they do. Supporting the [indings of these studies, Dr. Schagatay has
published the results of investigations showing an improvement in breath-hold time
by as much as 50% after just five successive attempts in a single day [2]. Novice
freedivers attending introductory freediving courses experience similar increases in
breath-holding ability, often nearly doubling their time in the course of a weekend.



10 No Limits Freediving

While the results of these studies were remarkable, there were no data explaining sow
such increases were achieved, but Dr. Schagatay thought one of the least understood
organs of the human body might provide some of the answers.

The spleen lies directly beneath the diaphragm, behind and to the left of the
stomach, and is covered by peritoneum. Weighing about 200 g, it is purplish in color
and varies in size in different individuals, but is usually about 120 mm long, 70 mm
wide, and 25 mm thick. Its primary function is to destroy red blood cells — a task it
completes together with the liver, but it is the organ’s secondary function that was of
interest to Dr. Schagatay. Because of the huge volumes of blood that circulate
through it, the spleen serves as a blood reservoir that plays an integral part in the
human diving response and may help freedivers extend their breath-holds and time
at depth. The theory was a good one, since the splenic reservoir function is observed
in many animal species (Weddell Seals, for example, are able to store 24 1 of blood in
their spleens) and according to the results of Dr. Schagatay’s studies [2], it is one of
many physiological adaptations freedivers can develop enabling them to dive deeper.
Very simply, the spleen shrinks while diving, causing a release of extra blood cells.

Studies similar to Dr. Schagaty’s have corroborated these findings. According to
William E. Hurford, MD, writing in The Journal of Applied Physiology [3], the
spleens of the Japanese Ama divers decreased in size by 20% when they performed
dives to depths of between 20 and 30 m. At the same time, their hemoglobin
concentration increased by 10%. Of interest to Dr. Schagatay was the finding that in
some studies, untrained subjects demonstrated a smaller contraction and a less
pronounced increase in hematocrit and hemoglobin than the Ama, suggesting splenic
contraction may be subject to a training effect.

The mechanisms triggering splenic contraction are included in the MDR outlined
later in this chapter, and include a peripheral vasoconstriction’ resulting in an
increase in blood pressure that, in turn, causes a low heart rate. However, it is the
effect and timeline of the mechanism that hold particular interest among scientists
because research is a little vague in defining when splenic contraction occurs,
although it has been demonstrated that for complete splenic contraction to occur,
more than one apnea must be fully initiated. Once this has been performed, the
contraction normally occurs within 30 sec and upon reaching the surface, the spleen
returns to its normal size after about 10 min. Other studies argue that the spleen’s
contraction and subsequent release of red blood cells are not that immediate and
may take up to a quarter-hour of sustained freediving. Some researchers state even
this time period is insufficient, and suggest that for freedivers to experience the full
effect of splenic contraction, they should perform at least 30 min of sustained diving.

Regardless of which study is correct, the effect has implications for those
freedivers performing future No Limits record attempts. The mechanism may also
explain why dives performed later in a competition/training session are often deeper
and longer than those performed at the beginning of a session.

2 Vasoconstriction means constriction of the blood vessels, while peripheral blood vessels are

those not in the core of the body such as the blood vessels of the skin.
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freediver, since this blood shift increases the likelihood of alveolar hemorrhage as a
result of the increascd pressure inside the capillaries [5]. The reason(s) why some
divers experience bleeding at a specific depth while others do not is a mystery to
respiratory physiologists, but the facters affecting the pulmonary blood-gas barrier
and those that cause alveolar hemorrhage are well documented. One mechanism is
the decrease in elasticity of the respiratory membrane that may be caused as a result
of the extreme ventilation [6] practiced by freedivers (Panel 1.3).

Panel 1.3. Packing

Beflore attempting a deep dive, [reedivers obviously want to get as much air
into their lungs as possible. One way they do this is “lung packing™, a special
respiratory maneuver that physiologists call glossopharyngeal insufflation
(GI), which involves adding air to the lungs on top of a full inspiration.
“Packing™ means freedivers start their dives with a large air volume in the
lungs, which adds to the main oxygen store of the body and adds space for
carbon dioxide storage. Divers also use the “packing” technique on dry land
to improve the flexibility of the chest and stretchability of the diaphragm. With
practice, some divers are able to “pack’ large volumes and expand the chest
significantly, giving them an odd barrel-chest appearance.

The second mechanism is an increase in blood pressure in the pulmonary
capillaries as experienced during exposure to cold water and immersion. It is a
combination of these two mechanisms that may causce an increasc in pulmonary
capillary pressure that ultimately results in ultrastructural changes in a disruption of
the blood—gas barrier. These changes, in turn, result in the alveolar hemorrhage as a
result of stress failure of the capillaries [7, 8].

Dr. Lundgren suggests it is possible that those divers whose lungs rupture at a
shallower depth may have abnormalities in their vessels. One such abnormality is
telangiectases. This condition, which may be congenital, is one in which the small
arteries are expanded and weak connections exist between the small arteries and
veins making them more susceptible to rupture. Although, to date, there have been
no cases of severe damage inflicted upon a freediver’s pulmonary system, an
accumulation of blood in the alveoli is not a natural event and if it occurs repeatedly
may Icad to a condition known as hemosiderosis. Hemosiderosis results in a scarring
of the lung tissue and subsequent dysfunction of the pulmonary system. Diving
physiology suggests that at a certain depth, bleeding into the lungs could cause
permanent damage and possibly even death. This type of injury is occasionally
visible in competitors who, upon rcturning from a freedive, are obscerved coughing
up foam tinged with blood. According to Dr. Lundgren, author of the delinitive text
on the lung [5], such a sign suggests these divers are experiencing an extreme
redistribution of blood, which may place an unhealthy load upon the heart to a

































24 Technical and Saturation Diving

the exact gas fractions in the mixture are determined by the intended depth. For
example, imagine a diver making a dive to 100 m. The pressure at 100 m is
11 atmospheres (pressure increases at a rate of 1 atmosphere for every 10 m of
depth, so at 100 m, the pressure exerted upon the diver is the atmospheric pressure
plus the pressure of 10 atmospheres), or 11 bar, to use the diving vernacular. Because
the diver knows that oxygen toxicity occurs at a partial pressure of 1.6 bar, he/she
must choose a gas blend that will have a lower oxygen partial pressure than 1.6 bar.
To err on the side of caution, he/she might choose a mixture comprising 14.5%
oxygen and 85.5% helium. This oxygen fraction would minimize the chance of
oxygen toxicity, since the partial pressure at 100 m would be 1.595 bar
(pO, = 0.145 x 11 = 1.595 bar). While heliox is an easy blend to manipulate,
perhaps its greatest attraction to technical divers is that it does not contain any
nitrogen, so the risk of DCS is eliminated. However, one shortcoming of heliox is
that helium is a highly efficient conductor of heat so a diver breathing a helium blend
will chill far more quickly than an air-breathing diver. But, of course, an air-
breathing diver is limited to dives of only 40 m! Unfortunately, while heliox is a
favorite gas blend among technical divers, the gas is expensive and, at present, most
of the world’s helium reserves are in Texas and those reserves are running low. These
circumstances have forced technical divers to consider other blends such as hydrox.
If any blend can be considered the perfect mix for technical diving, it may be hydrox,
which is a blend of hydrogen and oxygen. Although the mixture is still in the
experimental stages, it has produced good results, since it is easy to breathe, incurs
no DCS risk, and the gas conducts heat slowly, unlike helium. Its only real flaw
comes from the extremely flammable nature of hydrogen — a stigma that has
followed the gas since the Hindenburg disaster.

Another popular gas mix that extends depth considerably is trimix, a blend
comprising oxygen, nitrogen, and helium. To create trimix, the helium is added as a
diluent for the nitrogen content and the oxygen level is also reduced, depending on the
depth desired. With the reduced levels of nitrogen and oxygen, the maximum safe depth
can exceed 100 m. The downside to trimix is that unless the oxygen content is kept
between 18 and 21%, a travel gas® is usually required for descending to the safe
breathing zone. Inevitably, this means extra cylinder requirements and gas planning,
but this is all part and parcel of technical diving so is considered a minor inconvenience.

So far, we have discussed the risks of technical diving and the gas mixes required.
Before we can take a step into the future of this cutting-edge sport, we must now
consider the equipment. Technical divers use a truly extraordinary amount of
equipment (Figure 2.3). In fact, witnessing a diver gearing up for a deep mixed-gas
dive is akin to watching an astronaut prepare for a spacewalk. In addition to the
standard drysuit, the modern-day technical diver is encumbered by two or three of
everything, highlighting a (necessary) compulsion for redundancy that further
underlines the dangerous nature of the activity. As you can see in Figure 2.3,

2 A travel gas is simply one that is breathed until the target depth is achieved, whereupon a

gas switch is performed and the diver begins breathing the trimix.
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this permit the diver to stay longer at depth without incurring a decompression
penalty, but it also speeds up the decompression process if a penalty is incurred.

Another drawback of open-circuit scuba is that the deeper you dive, the more
rapidly you use up air, so a dive’s maximum duration is determined by depth and the
number of cylinders on your back. At the end of the day, a lot of the oxygen divers
take with them 1s wasted, but rebreathers change this equation by re-circulating the
exhaled gas for reuse and simply add a little oxygen to replace the oxygen that was
consumed. The carbon dioxide is removed by a process called “‘scrubbing™, which is
achieved by an assembly that uses a soda-lime mixture (sodium hydroxide and
calcium hydroxide) to absorb the carbon dioxide.

At first glance, a rebreather looks like something out of a science-fiction movie,
but a closer look reveals that the system (Figure 2.7) makes sense and when you
begin to understand how this system works, you being to appreciate how this
different way of diving has the potential to open up new frontiers underwater. To get
a better understanding, let’s take a look at the components common to rebreathers.

One key element is some means to remove expired carbon dioxide from the
breathing gas as it is recycled. Carbon dioxide is usually given off at a level ol about
0.8 times the amount of oxygen consumed, so a rebreather has to remove about 1 1 of
carbon dioxide for each liter of oxygen utilized. Most rebreathers remove carbon
dioxide by passing the expired gas through a canister (the scrubber, Panel 2.1) filled
with chemical absorbent.

Panel 2.1. Sofnolime

Rebreathers purify breathing gas by “scrubbing”. The chemical most often
used to scrub the gas is soda—lime. Soda—lime — Sofnolime is a commercial
diving product — is mostly slaked lime mixed with small amounts of more
strongly based pH chemicals to help speed up the process. Some formulations
also contain specific amounts of water to kick-start the chemical process.
Carbon dioxide exhaled by the diver mixes with the water to form weak
carbonic acid. The carbonic acid reacts with the soda—lime to form chalk, a
stable solid compound that binds the carbon dioxide and removes it from the
breathing gas.

Another important component is some sort of variable volume container to
capture the diver’s exhaled breathing gas. This is achieved by the “counterlung”
(Figure 2.7), a sort of breathing bag for the diver to breathe in and out of. In
addition to the counterlung, the rebreather hardware must include absorbent
canisters, a means of regulating gas flow, a housing, gas storage, and a mouthpiece.
Regulation of the rebreather’s counterlung is affected by changes in depth. As depth
changes, the rebreather unit must adjust to both a change in the gas volume and a
change in the oxygen fraction in order to maintain counterlung volume and a
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another type of rebreather that may ultimately prove to be a powerful tool in
extending the range of the technical diver.

The closed-circuit rebreather

Mixed-gas CCRs are the most versatile diving units on the market today, since they
offer the diver a wide depth range, long duration, optimal gas loading, and high gas
efficiency. A CCR improves upon the efficiency of the SCR by injecting oxygen only
when it is required to compensate for the diver’s actual metabolic consumpticn. This
is achieved by measuring the partial pressure of oxygen in the breathing loop and
injecting oxygen to maintain the partial pressure. In this system, all the exhaled air is
retained within a closed loop (Panel 2.2). The air is then [iltered, relreshed, and
recycled back to the diver for further use — a design that provides cxtraordinary
diving endurance when compared with traditional scuba.

Panel 2.2. The closed loop

1. Exhaled gas leaves the diver’s lungs and is routed into a one-way loop
beginning at the unit’s exhale counterlung.

2. The exhaled gas is routed, via a water-trap, into the scrubber unit, where it
passes upwards through a Sofnolime filter stack, which scrubs the breathing
gas of carbon dioxide.

3. Inside the mixing chamber, three independent oxygen sensors measure
oxygen pressurc and the partial pressurce of oxygen in the gas. If the oxygen’s
partial pressure drops below a threshold (termed the “setpoint™), an oxygen
controller opens an oxygen valve to bring the partial pressure to the
threshold.

4. Scrubbed breathing gas returns via a second water-trap to the inhale
counterlung ready for use in the next breathing cycle.

Because the CCR adds only a small volume of oxygen to the system at a time, the
diver only has to take along a small oxygen cylinder and the only limitations on the
depth and duration of a dive are the diver’s metabolic rate and oxygen partial
pressure preference. If the diver is diving to 46 m or shallower, the diver will take
along a second cylinder holding diluent gas, while for deeper dives, they will usually
use a trimix blend. Because the diver is breathing the ideal gas mixture at every
depth, no-decompression limits are much longer. The only disadvantage, other than
the cost (US$10,000 and up!), is the extensive training required, since divers must
become intimately familiar with all the quirks and eccentricities of the particular
system they are diving. The training is particularly important because the complex
design means a mixed-gas CCR has the greatest risk of [ailure due to user error and/
or mechanical malfunction. However, rceent advances in rebreather design mean
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Panel 2.3. Hydrogen-breathing lab rats

To test the viability of hydrogen-metabolizing bacteria as a means of reducing
decompression, live cultures of Methanobrevibacter smithii in a bicarbonate
buffer were surgically injected into the proximal end of the large intestines of
five rats via a cannula. The rats were placed in a box inside a dive chamber that
was specially designed for operating with gas mixtures of hydrogen and
oxygen and exposed to 100 m of sea water equivalent pressure of a hydrogen—
oxygen mixture.

A stream of gas passing through the box was sampled by gas
chromatography. The animals were then placed in a dry hyperbaric chamber
specially designed for compression with mixtures of hydrogen and oxygen. As
the rats breathed hydrogen, some of the gas was metabolized by the microbes
in the intestines while the chamber gases were monitored by gas chromato-
graphy. The rate at which the rats released methane was measured by
following the rate of hydrogen removal by the microbes. The study
demonstrated that the rats that rcccived the microbial trecatments had a
significantly lower incidence of DCS compared to untreated animals, and also
compared to surgical control rats that received intestinal injections of saline. In
fact, the Methanobrevibacter smithii cut the incidence of DCS by half.

The category of hydrogenase chosen for the biochemical decompression study was
the methanogen, a hydrogenase that metabolizes hydrogen to form methane. Of the
methanogens studied, Methanobrevibacter smithii was an ideal candidate for the
purposes of biochemical decompression because this species is a common resident of
the normal human gut flora and has no known pathogenicity. During its action,
Methanobrevibacter smithii converts hydrogen and carbon dioxide to methane and
water, consuming four hydrogen molecules for each molecule of methane produced.
Under normal circumstances, the source of hydrogen for this reaction is the end-
product of fermentation by other bacteria in the intestine. While most people on a
Western dict usually harbor only small populations of Methanobrevibacter smirhii
and produce milliliter volumes of methane per day, there are some healthy
individuals who produce up to 4 1 of methane per day, thus metabolizing 16 1 of
hydrogen! The methane passes harmlessly from the rectum.

Calculating the amount of bacteria can be estimated by factoring in the length of
activity, the volume of hydrogen to be consumed, and the length of time by which
the decompression time is to be reduced. To determine how much bacteria the diver
must ingest requires certain assumptions. First, it is assumed that the partial pressure
ol gas in the blood stream is supersaturated as the diver decompresses and no
additional gas will dissolve into the blood stream. Second, it is known that the total
volume of hydrogen in a diver per unit body mass is a linear function of the partial
pressure of hydrogen to which the diver is exposed. Therefore, if a diver is at
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interest in ADS technology, an outcome of which was the implementation of the US
Navy ADS2000 (Figure 3.2) into the Submarine Rescue Diving and Recompression
System (SRDRS).

The ADS2000 (Table 3.1) was built by OceanWorks International Corporation
(OWC) of North Vancouver, Canada. The fact a Canadian company was selected by
the US Navy to design and build a system intended for use as part of a submarine
rescue system was ironic, since the Canadian Navy has no submarine rescue system
of their own!

Using cast aluminum pressure hull components, OWC was able to produce the
complex curved shapes necessary to accommodate the ergonomic requirements

Table 3.1. ADS2000 technical summary.

Overview

Maximum depth 610 m (working pressure: 890 psig)’

Height 242 m

Width 1.22 m

Weight 518 kg (without pilot)

Hull material 6061 T651 forged aluminum

Vision dome Reynolds Polymer Technology R-Cast acrylic window
Fixed buoyancy Floatec syntactic foam

Propulsion system

Power 4 x 1.1-hp thrusters
Control Foot controls
Left foot: vertical control
Right foot: lateral control

Communication and navigation equipment

Hard wire Digital voiceover data — Seaphone Model 3700

Through water 25 or 8 kHz acoustic — underwater telephone transducer

Emergency Radio frequency beacon/Xenon strobe light with pressure switch
communication Emergency 37.5 kHz pinger

Navigation and Navigation: color imaging sonar, digital compass, altimeter and acoustic

vision systems positioning system

Vision: external lights (two) Deep Sea Power and Light Mini Sealight

Life support

System Oxygen recirculation with fan-powered carbon dioxide scrubbing
capability
Dual independent oxygen system — port and starboard

Duration 6—8 hr with 48-hr emergency life support

! Psig (pound-force per square inch gauge) is a unit of pressure relative to the surrounding
atmosphere. By contrast, psia (pound-force per square inch absolute) measures pressure
relative to a vacuum (such as that in space).
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required by operators working with equipment several hundred meters below the
surface.

The ADS2000 thruster design uses commercial off-the-shelf (COTS) DC brushless
thrusters combined with a microprocessor control system and a top-side power
delivery system that transmits high-voltage DC via the umbilical and tether. The
microprocessor control system provides the operator and the supervisor with control
of all thruster settings, including maximum thrust and trim. The microprocessor also
provides troubleshooting and diagnostics information to the supervisor.

Designed to provide rapid mobilization for any operational sub-sea task,
including disabled submarines (DISSUBs, Panel 3.1) and salvage operations, the
ADS2000 can be casily airlifted to any location and installed on a vessel of
opportunity (VOI). At first glance, you might think the operator would be
encumbered by the bulkiness of the design, but you would be wrong. The suit’s

Panel 3.1. Submarine escape

There are two approaches to extracting crewmembers from a DISSUB. The
first is for personnel themselves to make their way to the surface using
breathing gear and the vessel’s escape hatches. The second option is for a
rescue vessel to mate with the downed sub and transfer the stranded personnel
to the surface. The rescue vessel may be either a manned or an unmanned
submersible. For example, the US has two Deep Submergence Rescue Vehicles
(DSRVs), one stationed in the Atlantic and one in the Pacific. The DSRVs
have a crew of four and can hold 24 rescued crewmembers. There are also
Submarine Rescue Chambers (SRCs), which are pressurized diving bells
designed to be lowered onto a submarine from a ship. An SRC can transport
six evacuees to the surface.

Both systems utilize a skirt that covers the hatch of the DISSUB. When
sealed to the hull, the skirt acts as an airlock, pumping out water and
equalizing pressure between the two vessels before the hatches are opened.
Both systems require support from divers and/or remotely operated vehicles
(ROVs). In the case of the SRCs, cables must be tethered to the damaged sub
so the chamber can stay on target.

With the ADS2000, there is now a third option for rescuing stricken
submariners. Here is how it would work: once a DISSUB has been located, an
ADS2000 team would be deployed to the site and begin conducting an initial
survey, providing rescuers with video, sonar, and onsite reports. The primary
task of the ADS2000 operators would be to clear debris from the submarine
hatch, remove the hatch fairing, and connect the downhaul cable for the SRC.
Thanks to the suit’s life support system, the ADS2000 team could work at
depths of 600 m for up to 6 hr, with additional emergency life support for up
to 48 hr.
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Panel 3.2, Phil Nuytten, OBC, L.L.D., DSc.

Dr. Phil Nuytten has spent his life devoted to ocean exploration and is widely
regarded as one of the pioneers of the modern commercial diving industry and
a significant force in the realization and implementation of new diving
technology.

In the 1960s and 1970s, Dr. Nuytten was involved in experimental deep
diving and the development of mixed-gas decompression tables — research that
helped establish many of the international diving standards in use today.
During this period, Dr. Nuytten also co-founded Oceancering International
Inc., one of the largest underwater skills companies in the world.

One of Dr. Nuytten’s most important contributions to ocean exploration
has been the development of ADS technology. In 1979, he began developing a
revolutionary ADS that resulted in a patented breakthrough in rotary joint
design, and formed the basis for the world famous Newtsuit that is now
standard equipment in many of the world’s navies, except the Canadian. In
2000, Dr, Nuytten introduced the Exosuit, which was investigated by the
Canadian Department of National Delence (DND) as a submarine escape
device. Plans to utilize a space version of the Exosuit are also under discussion.

that has attracted the attention of NASA, as well as the Canadian Space Agency
(CSA), as a possible alternative to conventional spacesuit gloves.

Exosuit operators breathe a standard 80% nitrogen, 20% oxygen mix at
atmospheric pressure. The gas is supplied to match the exact amount metabolized by
the operator and a soda-lime chemical absorbent scrubber removes exhaled carbon
dioxide from inside the suit. Although the scrubber and oxygen circulator are
battery-powered, carbon dioxide can also be removed by passive scrubbing if the
battery fails. While operating the suit, the diver is tethered to the surface and lines
supply him with breathing gas. Although the Exosuit is currently a prototype bare-
bones version, onc variant may be designed to allow submarine crews to cscape
disabled vessels. When a submarine loses power, it also loses the ability to keep its
internal atmosphere at surface conditions, which means the crew’s bodies become
saturated, just like a SAT diver. If this happens, crewmembers can don suits to keep
their tissues from getting saturated with atmospheric gases while they repair the sub
or wait for rescue. An alternative is to allow their bodies to gas-saturate. Then, as
they make their ascent, the Exosuit could maintain the pressure they had experienced
on the sea floor and once on the surface, the Exosuit could serve as a personal
decompression chamber for each crewmember. Thanks to its 22 highly mobile rotary
joints, the Exosuit would provide crewmembers with enough flexibility to climb up
into a stricken sub’s escape lock, operate valves, and perform other tasks required to
perform an emergency ascent to the surface.
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In addition to video capabilities, each submersible has a set of versatile manipulator
arms that a skilled pilot can use to collect biological and geological samples. The
arms arc also used for many other tasks, such as placing small temperature recorders
into hydrothermal vents and gently pushing the sub backward when the pilot wants
to avoid stirring up sediments with the thrusters.

As with all manned submersibles, the Mirs are launched and recovered from a
support vessel, the Akademik Mstislav Keldysh. Since the Keldysh operates both
Mirs, one submersible can conduct science dives while the other remains in
“ready’” status in case of an emergency. For example, if the working Mir were to
get stuck at the bottom of the ocean, the second Mir could be launched and rushed
to the site, where it could work to free the first Mir. Also, some rescarch projects
and special tasks such as the lighting of shipwrecks beneflit [rom the use of the
Mirs in tandem.

ALVIN

Those who have scen the film Titanic Revealed will recognize Alvin (Pancl 4.1,
Figure 4.2, and Table 4.3} because it was the submersible that Dr. Robert Ballard
used to explore the famous wreck. Although it is capable of diving as deep as 4.5 km,
Alvin cannot dive autonomously. A support vessel drops the submersible overboard
and Alvin begins to sink using a variable ballast system (VBS). To go up or down,
the pilot uses the VBS to pump seawater in and out of ballast tanks on the side of the
vessel. This elevator-like system has worked for decades, but because of limitations
of battery technology, Alvin does not give scientists much time on the sea floor. This
means manned deep-sea exploration is an incredibly laborious exercise, akin to
exploring Africa with a Jeep!

Panel 4.1. Alvin

Alvin is onc of only five deep-diving manned submersibles in the world. The
submersible revolutionized deep-sca exploration by providing US scientists
with an unprecedented ability to routinely conduct research on the deep-sea
floor, at mid-ocean ridges, and hydrothermal vents with exotic marine life now
believed to hold clues to the origin of life on Earth.

Over a period of four decades, the submersible has performed more than
4,000 dives and transported 12,000 people to the sea floor to spend 16,000 hr
on the bottom to observe and sample the deep. With a current average of 175
dives per year, it has a reliability record greater than 95% over the past
20 years, with the remaining percentage lost mainly to bad weather.
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Twenty vears later, the gleaming white submersible dives almost every day,
helping the Japancse map cracks in the ocean floor, monitoring active geological
faults, scarching for scabed lava flows, and gathering valuable data that may lead to
mineral-resource exploitation. Recently, Shinkai 6500 has been used to retrieve
unique bacteria and organisms from the ocean, with the intention of making new
drugs (Panel 4.2) and tools for genetic engineering.

Panel 4.2. Ocean exploitation

Biotechnologists are continually searching for microorganisms that can
lunction in extreme environments to enable creation of new processes and
industries. For example, acidophiles and alkaliphiles have been studied
extensively, and some are used in industrial-scale processes. Additionally,
unique enzymes that have been isolated [rom thermophiles are now available
as reagents. Barophiles have also been isolated relatively recently, and while no
biotechnological applications have been reported as yet, [uture applications
are anticipated. Organic solvent-tolerant microorganisms have now been
isolated all over the world and have considerable potential for application in
biochemical engineering. Without doubt, novel extremophiles will bring many
benefits to biotechnological applications, which is why the Japanese continue
to use the Shinkai 6500 to search for samples.

The inhabitable space of the Shinkai 6500 is contained within a 2-m-diameter
pressure hull that can accommodate two pilots and one scientist. While this may
sound like a small space, the habitable area is actually a lot smaller due to the myriad
instruments installed in the pressure hull. It is the pressure hull that is the key to the
Shinkai 6500’s opcration, since the pressure at 6,500 m exerts a force of scveral
tonnes per square centimeter. At such a pressure, even a slight warping of the hull
can lead to structural failure. To guard against such a possibility, the 73.5-mm-thick
hull was constructed from a super-strong, lightwecight titanium alloy that was
machined to a sphere with discrepancies of less than 0.5 mm in diameter at any point
on its surface. To help it ascend, the Shinkai 6500 utilizes buoyancy material made of
syntactic foam — a material produced by embedding hollow glass spheres into high-
strength epoxy resin. It is a process that guarantees sufficient strength and buoyancy
even at the higher water pressure.

Helping scientists do their job is a suite of instruments such as acoustic imaging
sonar (AIS) capable of showing frontal and sectional images of an underwater object
and constructing three-dimensional images. Dexterity is provided by a couple of
manipulators, the right having seven degrees of freedom and the left having five
degrees of freedom.

In common with the Mir and Alvin, the Shinkai 6500 is reliant upon a support
vessel, in this case either the Yokosuka or the Natsushima, two purpose-built support
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Panel 4.3. Polymer electrolyte membrane

A [uel cell is an electrochemical conversion device that combines hydrogen and
oxygen to produce water and clectricity. Many authorities believe that fuel
cells offer the best potential for developing more capable AIP systems. There
are several potential fuel cell configurations, but for submersible propulsion,
PEM fuel cells have attracted the most attention due to their low operating
temperatures (80°C) and relatively little waste heat.

In a PEM device, pressurized hydrogen enters the cell on the anode side,
where a platinum catalyst decomposes each pair of molecules into four
positively charged hydrogen ions and [our [ree electrons. The electrons depart
the anode into the external circuit as an electric current while, on the cathode
side, each oxygen molecule is catalytically dissociated into separate atoms,
using the electrons [lowing back [rom the external circuit to complete their
outer electron “‘shells”. The polymer membrane that separates anode and
cathode is impervious to electrons, but allows the positively charged hydrogen
ions to migrate through the cell toward the negatively charged cathode, where
they combine with the oxygen atoms to form water, which is the only exhaust
product.

Making investments in innovative technologies such as AIP and incorporating
these into current and future manned submersibles will expand platform capabilities
and extend useful lifetime, thereby reducing the pressure to build new systems in the
near future. For example, improved multifunction controls could be developed that
would support more integrated operations by the pilot. Such an approach has been
pioneered by the aerospace industry and significant benefits could be observed if a
more holistic methodology was applied to the manned submersible workspace.

Ultimately, manned submersibles will survive because they provide direct access,
which offers better information, and allows observers to prioritize plans and ensure
cfficient opcrations. But perhaps the strongest argument for manned submersiblcs is
that there is no replacement [or in-situ three-dimensional visualization and
situational awarcness. The very best ROVs in the world cannot duplicate human
sensing and visual data processing, nor can they extract directly relevant task
information or evaluate and assess relationships and interactions in the same way as
a human can. Let’s face it, innumerable scientific discoveries would not have been
possible were it not for the observations of scientists onboard Alvin and the Shinkai
6500. Just ask those working at Woods Hole or onboard the Yokosuka. While some
ROV proponents may argue that manned submersibles suffer from viewport
constraints due to vehicle design, strategic placement of virtual, augmented reality,
telepresence and panoramic imaging systems can more than compensate for these
shortcomings.

While manned hydrospace may be considered by some to be a vestige of the past,
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and backup power supply. For those interested in taking an underwater trip on the
DeepSee, the prices are listed in Panel 5.1.

Panel 5.1. Booking a dive on DeepSee

1. Dive to a maximum depth of 100 m: $595

2, Dive to a maximum depth of 215 m: §1,095
3. Dive to a maximum depth of 305 m: $1,595
4, Dive to a maximum depth of 457 m: $2,495

Table 5.2. Triumph technical specifications.

Nummber of occupants
One pilot Two passengers

Passenger environment
Constant dry | atmosphere

Physical characteristics

Length 533 m Width 3.1l m

Height 3.05m Weight 6.8 tonnes

Life support systems

Mission air supply 6 hr Air filtering Carbon dioxide scrubber
Reserve air supply 72 hr Emergency 2 hr

supply duration

Performance characteristics

Propulsion type Electric thrusters Propulsion 108 V DC
(eight) power supply
Propulsion power 6 8 hr Reserve power 72 hr
duration duration for
essential systems
Maximum operating depth 475 m (optional upgrade: 914 m)
Maximum speed 1.7 knots

Communication system
Underwater transmitter OTS Bell 200 25 Khz SSB acoustic transceiver

Navigation system
Forward-looking sonar for obstacle Doppler acoustic tracking and navigation system
avoldance and navigation

Price $2.85 million
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Derived from Hawkes’ experience of building a similar craft for millionaire
adventurer, Steve Fossctt (Panel 5.2), the DF IT will be flown by the pilot lying in an
unusual stomach-down position. While such a position may sound uncomfortable, it
mimics the posture of scuba-divers and ensures the pilot’s eyes are as close as
possible to the viewport.

Panel 5.2. Challenger

DF IT’s predecessor was a similar vehicle called Challenger, which was custom-
built for adventurer, Steve Fossett, who planned to dive to the bottom of the
Marianas Trench. Following Fossett’s death in a plane crash in 2007,
ownership of the vehicle passed on to Fossett’s widow, and Hawkes turned his
attention to applying what he had learnt in designing the DF II.

DF 1II is as radical it gets in the world of submersible technology, but if
development, testing, and financing (DF II will cost an estimated $10 million) go to
plan, then, in 2015, underwater exploration will relive its “man on the Moon™
moment when Hawkes touches down 11 km below the surface.

Sub Aviator Systems

Given the success of HOT, it is not surprising other companies are using the same
technology. Take Sub Aviator Systems (SAS), for cxample. Their Super Aviator
submersible is a radical overhaul of a craflt the company bought [rom Hawkes in
2007. In common with HOT’s creations, the Super Aviator (Table 5.8) flies
underwater and is piloted using joystick and rudder pedals. It was envisioned and
developed by SAS co-founder, John Jo Lewis, a self-confessed underwater addict
who gives in to the urge to soar beneath the waves at every opportunity. Lewis’s
hope for SAS as an enterprise is that it will use underwater flight technology to
increase awareness of the ocean environment and of the dire threats to our ocean

Table 5.8. Super Aviator technical specifications.

Physical characteristics

Length 6.6 m Weight (launch) 2,225 kg
Height 1.85m Width (wings deployed) 3.75 m
Performance characteristics

Maximum payload Two persons Dive time 3 hr
Maximum depth 300 m Maximum speed 5.2-7.9 knots
Maximum descent rate 95 m/min Maximum ascent rate 180 m/min

Pitch/roll + 30-60° Maximum range 20 nautical miles
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Table 6.1. Jules Undersea Lodge.

Specifications

Depth 9m Width 6m

Length 151 m Height 33 m

Weight 136,363 kg (dry weight) Material Steel and acrylic

Wet room chamber 3 m (base width) x 6 m (length)

Accommodation Two private (2.4 x 3 m) bedrooms with 1.06-m viewport.
One (2.4 x 6 m) common room with mini kitchen, dining, and
entertainment areas. Fitted with 1.06-m viewport.

Packages
Luxury: Check-in: 1:00 pm, Check-out; 10:00 am. Includes all $475.00 per person
dive gear, a gourmet dinner, and breakfast. Opportunity Lo earn per night

the PADI Habitat Specialty Certification — $150.00 extra

Mini Adventure: 3-hr visit $125.00 per person
Romantic Getaway: exclusive use of the lodge. Extras include $1,295.00 per night,
mood music. fresh flowers, seafood appetizer, and chef service per couple

for breakfast

Panel 6.2. Ian Koblick

As an aquanaut, author, explorer, marine consultant, and technical advisor,
Ian Koblick 1s one of the foremost authorities on undersca habitation. In the
mid 1970s, as president of the Marine Resources Development Foundation
(MRDF), he was responsible for envisioning the La Chalupa research lab, the
most advanced underwater habitat of its time. As an aquanaut working from
the La Chalupa lab, Koblick developed nitrogen—oxygen mixtures that helped
divers open up much of the continental shelf to exploration. As president of
the MRDF, Koblick also operates the MarineLab research lab and education
program in Key Largo, Florida.

stay qualifics as a saturation (SAT) dive. Because of this, guests must refrain from
flying and diving for 24 hr after surfacing. To prepare guests for their SAT dive, the
Lodge’s dive instructors present a 3-hr class that describes the equipment and
procedures necessary to ensure a safe stay. Once underwater, guests often spend
much of their time diving the local reef or visiting MarineLab, an underwater
laboratory devoted to research and education. They also avail themselves of the
opportunity to earn their Aquanaut Certificate, which is presented to those divers
spending 24 hr underwater. To ensure salety of the guests, the habitat is monitored
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Panel 6.3. Aquarius mission prerequisites

e Scuba certification by a nationally recognized sport diving agency, NOAA,
or military

e Minimum of 50 logged dives

e Passing an American Academy of Underwater Sciences (AAUS) medical
examination

e Completion of pre-mission Aquarius training

In addition to the paperwork, you will need to bring your own diving gear,
although the program provides buovancy compensators, cylinders, weights, and
regulators. Finally, before being eligible for training, you need to attend a pre-
saturation medical exam, which is performed by the Diving Medical Officer (DMO)
to determine fitness.

Training to become an aquanaut consists of briefings, pool training, open-water
training, and orientation dives to Aquarius. Helping you are several surface-based
staff who participate in briefings and accompany you on dives to the habitat. The
training is as much an cvaluation, since you must demonstrate good diving
techniques and a safle attitude to qualify for participation in the program. Common
to all the briefings and training in general is an emphasis on safety, which is
paramount, since there is a big difference between SAT diving and regular scuba-
diving. II there is a problem during a scuba-dive, the surface is always an option, but
this is not the case with SAT diving. If you have a problem, you must be capable of
solving it in the habitat. It is an aspect of the mission that is hammered home during
training (Table 6.2).

Table 6.2. Aquarius training schedule.

Day 1
0830 Introduction briefing
0900 Swim evaluation

e 400 yards freestyle < 12 min and 10-min tread (no fins, no mask)

¢ Underwater swim cvaluation: one breath, 25 yards

e Ditch/don mask and snorkel and clear (pool)
1000 Dive equipment briefing

e Equipment/configuration bricfing and harness adjustment

e Source drill, shut-down drill, safety (s) drill

e Air sharing/buddy breathing briefing, buddy awareness briefing
1200 Habitat site orientation briefing

Dive 1: Checkout dive (45 fect/45 min)

e S-drills, buoyancy control, mask clearing, regulator clearing/retrieval

e Buddy breathing (stationary), air sharing (stationary)

e Buddy breathing (swimming), air sharing (swimming), shut-down drills































112 Ocean Outpost

Panel 6.5, Life support systems functions

Maintain environment

Control atmospherc total pressurc: prevent over-pressurization and/or under-
pressurization, equalize atmosphere pressure, control metabolically inert gas
partial pressure, and add metabolically inert gas to atmosphere

Control oxygen partial pressure: add oxygen to atmosphere

Control atmospheric temperature: remove or add sensible heat

Control atmospheric humidity: remove or add moisture

Control uniformity of atmospheric composition: ventilation velocities in the
habitat volume and exchange atmosphere between modules

Control partial pressures of atmospheric contaminants: remove gaseous
atmospheric contaminants

Control airborne particulates: remove airborne particulates

Control microbes: remove airborne and surface microbes

Respond to emergencies

Respond to rapid decompression: detect and recover from rapid decompression

Respond to [ire: detect, isolate, suppress, and recover [rom fire

Respond to hazardous atmosphere: detect and recover from hazardous
atmosphere

Provide resources

Provide inert gas: supply/store inert gas and accept external inert gas

Provide oxygen: supply, store, regenerate oxygen, and accept external oxygen

Provide water: supply, store, regenerate water, and accept external water

Provide food: store and process food and food ingredients

Manage gaseous wastes: accept, transport, store, process gaseous wastes, and
dispose of excess gaseous wastes

Manage wastewater: accept, transport, store, process wastewater, and dispose
of ecxcess wastewater

Manage solid and concentrated liquid wastes: accept, transport, store, process
solid, and dispose of solid and concentrated liquid wastes

Maintain thermal conditioning
Accept thermal energy
Transport thermal energy: transport excess thermal energy to cooling external
interface
Release thermal energy: reject excess thermal energy and reuse thermal energy
Cool equipment and maintain surface touch temperatures:
Transport equipment thermal energy loads
Prevent water condensation
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may cause respiratory problems), while for depths between 15.2 and 36.6 m, the
most suitable gas is a normoxic mix of nitrogen and oxygen. “Normoxic™ is a
physiological term describing a breathing gas mixture that contains 21% oxygen. A
normoxic mix (Panel 6.6) is crucial in the design of an underwater LSS when
decompression and nitrogen narcosis are considered because saturation at a given
depth using a normoxic mix is equivalent to a greater depth than if air were used
(Table 6.4).

Table 6.4. Equivalent depths for air and normoxic breathing gases.

Air depth (m) Air PO, ATA Equivalent normoxic
depth (PO, = 0.2095)
0 0.79 ]
10.7 1.85 8.4
22.9 3.06 18.0
32.3 3.97 253
42.7 3.03 33.7

Source: Miller, J. (ed.), NOAA Diving Manual: Diving for Science and Technology, 2nd edn.
Government Printing Office, Washington, DC (1979).

Panel 6.6. Normoxic gas mix

Oxygen must be present in every breathing gas, whether to support underwater
habitats or spacewalking astronauts. This is because it is essential to the
human body’s metabolism and the body cannot store oxygen for later use. In
fact, unless vou happen to be a freediver, if your body is deprived of oxygen
for more than a few minutes, unconsciousness and death are guaranteed! In
underwater use, the oxygen fraction of a breathing gas mixture is often used
when defining the mix. For example, Aypoxic mixes such as trimix and heliox,
which are used in technical diving, contain less than 21% oxygen (often a
boundary of 16% is used), while normoxic mixes contain 21% oxygen — the
same fraction as found in air.

One drawback to using a normoxic mix is that the maximum operating
depth (MOD) could be as shallow as 45 m. This is becausc the fraction and
pressure of the oxygen determine the deepest that a gas mix can safely be used
to avoid oxygen toxicity. The fraction and pressure are expressed by the partial
pressure of oxygen (ppQ») and the minimum sale ppQO; in a breathing gas is
held to be 16 kPa (0.16 bar). Below this ppQO,, the diver may risk
unconsciousness and death duec to hypoxia (depending on individual
physiology and exertion level), while the maximum safe ppO- in a breathing
gas is typically between 100 kPa (1 bar) and 160 kPa (1.6 bar), although for
dives of less than 3 hr, the threshold is 140 kPa (1.4 bar). Above this level, the
diver risks oxygen toxicity, including a seizure.
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ventures promise to be lucrative. For example, Technip, a French engineering firm
for the oil and gas industry, was contracted by Neptune to investigate the
profitability of the company’s opcrations. It found that Neptune’s SMS deposits had
a value of US$500 USS2,000 per tonne. When you consider that Neptune’s
operating costs per tonne are estimated at US$145-US$162, you begin to get an idea
of the profit potential.

Of course, any enterprise dealing with the deep sea comes with an overhanging
environmental question mark. But, if all the talk of robotic excavating machines has
you wondering about the impact on the underwater environment, you needn’t worry,
since ocean-floor mining sidesteps many of the problems normally associated with its
terrestrial cousin. First, there is no acid drainage because the acids are neutralized by
the alkaline sea water and, second, because SMS deposits are on the ocean floor,
there is no requirement [or excavation, so no permanent structures are left behind.
Finally, the mining does not touch active black smokers, so thesc regions of rich
submarine life are preserved.

O1IL

Another facet of future underwater exploitation will be oil. Exploration and
production in Northern Europe are moving into ever deeper water, which has
stimulated the development of subsea production systems with remote operation and
maintenance that demands and will continue to demand manned intervention. In
turn, this has required the development of advanced diving procedures and
technology to permit safe and productive saturation (SAT) diving to depths as
deep as 500 m. Unfortunately, diving to these depths is anything but safe, and ethical
concerns have questioned the cfficacy of the safeguards in place to protect divers
from bone necrosis (Figure 7.3) and neurological disorders that are common
occupational hazards among deep-diving SAT divers (Panel 7.1).

Panel 7.1. Long-term consequences of deep diving

Divers have dived as deep as 686 m of seawater (msw) and, as we have seen in
Section I, these SAT divers regularly work at depths exceeding 200 msw.
While the divers can work productively at these depths, research has shown
that working as a deep-diving SAT diver is anything but healthy. Scientists
studying SAT divers have found that the increased pressure causes all sorts of
changes to the bone and in the central nervous system (CNS). Some divers
experience hand tremors, postural instability, and gastrointestinal problems,
while others may suffer from somnolence and cognitive dysfunction [1-3]. The
symptoms, which are highly correlated with deep SAT diving and decompres-
sion sickness (DCS), have been termed the high pressure neurological
syndrome (HPNS).
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Panel 7.2, Bahia Paraiso

On January 28th, 1989, the Bahia Paraiso, an Argentine transport ship hauling
supplies and tourists, ran aground 3 km off the Antarctic coast. Although no
one aboard was injured, the wreck proved to be a disaster for the nearby
coastal ecosystem, as a 10-m gash in the ship’s hull released 950,000 1 of diesel
fuel into the ocean, The effects from the fuel spill on the local flora and fauna
were mostly limited to sea bird, krill, and moss, with few populations suffering
mortality rates greater than 20%. Because the spill was the first reported
incident of its kind in the Antarctic region, it alarmed environmental groups,
which viewed the disaster as a foreshadowing of future accidents if trends in
tourism and ship transport were to continue. Two months later, the Exxon
Valdez oil spill in Alaska’s Prince William Sound sent an even stronger
message to environmental organizations for the need to protect Antarctica’s
unique environment from similar accidents. The Madrid Protocol, which is
viewed as a model for [uture environmental treaties, was largely a result of the
responsc to the two incidents.

But, with renewed interest in the Arctic, the oil and gas industry is designing and
building new classes of modern drill-ships and tankers for the Arctic, able to
penetrate deeper waters and reservoirs. Submersible drilling rigs can be used in the
Arctic, but they work best in water depths of less than 30 m, which is not much help
when most of the new prospects in the Arctic are at depths of up to 1,000 m! Despite
the problems, the race is on to start offshore drilling in the Arctic and it is open to
any and all who can get there and develop it.

With energy demand forecast to increase 58% over the next 25 years, Arctic and
Antarctic reserves will be rapidly exhausted. Clearly, what 1s needed 1s a renewable
energy source. One such source is geothermal energy, which is the heat within the
Earth and can be “mined™ by extracting hot water or steam, either to run a turbine
for the generation of clectricity or for direct use of the heat itself. It is an cnergy
source that is rapidly gaining steam, with everyone [rom Google to Middle Eastern
oil sheiks lining up to get a picce of the action. For example, Google has alrcady
invested millions in enhanced geothermal systems, while Masdar, a clean-tech city in
Abu Dhabi, has awarded multi-million-dollar contracts to begin drilling geothermal
wells,

GEOTHERMAL ENERGY

The attraction of renewable energy sources is that nature continuously replenishes
them and they have a smaller carbon footprint than fossil fuels. One example of an
untapped renewable energy source is the hydrothermal vent, the same underwater
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feature that produces SMS. In addition to producing SMS deposits, hydrothermal
vents are natural geysers of magma-superheated water (Panel 7.3), which can be used
for cnergy. Found atop mid-occan ridges at an average depth of 2,300 m,
hydrothermal and geothermal locations are [ound along tens of thousands of
kilometers of mid-ocean ridges that have yet to be explored.

Panel 7.3. Superheated water

Tectonic plate movement opens fissures on the sea floor into which seawater is
forced down by the high pressure of the water column above it. Magma
superheats the seawater to a temperature as high as 400°C, creating a geyser
with a velocity of 1-5 m per second (mps). Because the pressures at depth are
up to 3,200 psi, the hot fluid stream does not flash into steam.

The sizes of the vents that have been surveyed are impressive. For example,
the Juan de Fuca Ridge 320 km ofT the coast of Seattle has an active vent [ield
over 150 m wide and 300 m long. Within that field are more than 15 vents up
to 25 m in diameter that continuously eject water at 370°C at a rate of 3
5 mps. Each of the vents theoretically offers 40 billion watts’ equivalent of
thermal energy.

While 2,300 m is deep, it is not beyond human reach, so tapping these volcanic
vents will not be any more technically challenging than drilling for oil, although it
will probably be more difficult to capture hydrothermal energy and convert it
economically to electrical energy. However, with the cost of all kinds of energy
rising, the appeal of undersea geothermal energy will undoubtedly grow. To tap the
energy generated by these hydrothermal vents, engineers will probably bring the
high-temperature liquid to the surface via a network of insulated pipes to an offshore
power plant on a platform similar to an oil rig. The liquid would rise by a
combination of vent flow velocity, convection, conduction, and flash steam pressure
generated as the superheated [luid rises and the ambient pressure diminishes. Since
harnessing hydrothermal energy from vents on the ocean floor might represent the
ultimate renewable source, the race will be on to [ind these reservoirs of energy. Since
it is estimated that the thermal output of all the known vents in the world is about
the same as current worldwide power-generating capacity, finding these vents will be
a lucrative business. With tens of thousands of kilometers of ocean ridges vet to be
explored, companics are alrecady dispatching autonomous underwater vehicles
(AUVs) to search (Figure 7.4).

AUTONOMOUS UNDERWATER VEHICLES

Much like the Martian rovers Spirit and Opportunity, AUVs are able to explore
unaided. Almost entirely cut off from the world above, they can sniff out active
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Panel 7.4. Underwater navigation methods

Since GPS does not work underwater, due to the attenuation of radio waves
through the water, engincers must employ alternative methods for navigating
AUVs. One method is to use acoustic long-baseline navigation (LBL), which
requires positioning acoustic transponder beacons (ATBs) on the sea floor.
This technique allows an AUV to measure the round-trip travel time of sound
signals transmitted and received between it and the ATB. With two or more
ATBs plus a measurement of AUV depth, the AUV’s position can be
calculated. A drawback of LBL is that it takes time to deploy and calibrate the
ATB network and the ATBs have a finite working range within which the
AUVs can acoustically hear.

Future AUV navigation will probably use “synchronous-clock one-way-
travel-time navigation”  a new acoustic method for underwater navigation
that aims to eliminate the need for deploving ATBs by turning the support
ship into a moving beacon. By equipping each AUV with an acoustic modem
(a device that allows the AUV to broadcast information) and by having very
precise clocks on the AUV and support ship, it is possible to measure the one-
way-travel-time (OWTT) from the surface ship to the AUV each time the
surface ship broadcasts. Also, because it is @ modem, the ship can also use it to
send its GPS position along with the OWTT packet, meaning the AUV has a
range to the ship and knows where the ship is according to GPS.

To help it detect hydrothermal vents, the ABE is outflitted with a myriad variety
of sensors, including scanning and multibcam sonar, a magnetomecter, a digital still
camera, hydrographic sensors, and temperature probes. ABE operates autono-
mously from the vessel. It has no tether, is controlled in real time by onboard
computers, and uses batteries for its power. After launch, the vehicle descends to the
ocean floor using a descent weight and during its spiral trajectory descent, it uses
acoustic long-baseline transpender navigation and acoustic Doppler measurements
to determine its position and velocity. Once on the ocean floor, ABE performs a
series of checks and releases its descent weight to become neutrally buoyant before
beginning its survey. A typical dive usually consists of a hydrothermal plume survey
at constant depth, lollowing the sea [loor at an altitude of 50-200 m, occasionally
dropping to 5-m altitude to take digital photographs. One of the first signs ABE
looks for when searching for a hydrothermal vent is turbulence in the seawater,
generated by the water rising [rom the vent. From the perspective ol the underwater
robot, this sign is rccognized as a patchy, irregular structure and background
currents caused by the rising water. As the plume of water emitted [rom the vent
rises, the AUV uses its optical backscatter (OBS) equipment to measure differences
in temperature and salinity — both markers for hydrothermal vent activity. To check
what it has discovered, the AUV may make two or three passes along the axis of the
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Table 8.1. Chemicals and biological materials isolated from marine organisms [1].

Application

Original source

Status

Pharmaceuticals
Anti-cancer drug (non-
Hodgkin’s lymphoma)
Anti-cancer drug
Anti-cancer drug (tumor-
cell DNA disruplor)
Anti-cancer drug
Anti-cancer drug
Anti-cancer drug
Anti-cancer drug
Anti-inflammatory agent
Anti-tuberculosis agent
Anli-HIV agent
Anti-malarial agent

Sponge, Cryplotethya crypta

Bryozoan, Bugula neritina
Ascidian, Ecteinascidia
turbinata

Ascidian, Aplidium albicans
Gastropod, Elvsia rubefescens
Sponge, Discodermia dissolita
Sponge, Lissodendoryx sp.
Marine fungus

Gorgonian, Pseudopterogorgia
Ascidian

Sponge, Cymbastela

Commercially available

Phase II clinical trials
Phasc III clinical trials

Advanced preclinical trials
Advanced preclinical trials
Phase I clinical trials
Advanced preclinical trials
In development

In development

In development

In development

Medical devices
Orthopedic and cosmetic
surgical implants

Coral, mollusk, echinoderm
skeletons

Commercially available

Diagnostics
Detection of endotoxins

Horseshoe crab

Commercially available

Nutritional supplements
Polyunsaturated fatty

Microalgae

Commercially available

acids used in food additives

Panel 8.1. Bringing drugs to market

A new marine-derived drug candidate will first be subject to years of
preclinical research, If the results are encouraging, the compound may be
evaluated for efficacy and toxic side effects using animal models and/or
computerized simulations. If the drug continues to show potential, the
rescarch lab will scarch for a partner in the pharmaceutical industry interested
in licensing the drug to pursue clinical development. The partner will then
inform the FDA of its intentions to develop the drug by submitting an
Investigational New Drug application (IND). This is when the real work
begins, because the drug has to perform well during several years of human
clinical trials, meeting clinical endpoints for safety and exhibiting acceptable
absorption, digestion, metabolism, and elimination (ADME) criteria. L[, at the
end of these phases, the drug still shows potential, the industry partner will
submit a New Drug Application (NDA) to the FDA. Finally, once the FDA
approves of the drug, it may be brought to market, concurrent with ongoing
post-clinical studies to verify the absence of unanticipated risks or side effects.
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not fully functional. While the procedure has been proven in the clinical setting,
liquid breathing may also have potential applications for diving [3, 4].

Panel 9.1. Perflubrons

Alliance Pharmaceutical Corporation makes a perfluorooctyl bromide
(perflubron), marketed under the name LiquiVent™. The product is used
for partial liguid ventilation. The fluid is administered to the lungs in
conjunction with mechanical ventilation in adults with acute respiratory
failure [5-9] and babies [1, 10] born prematurely. The perflubron helps open
the alveoli (air sacs) of the patients and facilitates gas exchange in the lungs.

WHY BREATHE LIQUID?

When diving using air or mixed gas, the pressure inside the lungs must equal the
pressure outside the body, otherwise the lungs will collapse. Since the external and
internal pressures must be equal, the required gas pressure increases with depth to
match the increased external water pressure. Unfortunately, these high pressures,
especially when released quickly, may cause significant physiclogical problems such
as air emboli and decompression sickness (IDCS). Diving mammals and freedivers
who dive to great depths on a single breath have few problems with DCS despite a
rapid ascent to the surface. The reason freedivers and freediving mammals are not
troubled by DCS has nothing to do with the fact that a single breath of gas docs not
contain enough total nitrogen to cause tissue bubbles on decompression, but because
those who freedive spend such a short period of time on the bottom. But the dangers
of diving breathing air or mixed gas are not restricted solely to DCS. Pain due to
expanding or contracting trapped gases can potentially lead to barotrauma, a
potentially damaging condition that may occur during either ascent or descent but is
most severe when gases are expanding. Then there is dvsbaric osteonecrosis, which is
manifested as bone lesions most commonly on the body’s long bones. This chronic
disease, often observed in commercial divers, 1s thought to be related to the evolution
of gas bubbles that may or may not be diagnosed as DCS. As you can see, there are
scveral hazards associated with breathing gas, so it makes sense that divers would
search for an alternative, safer means that would permit them to stay down longer
and deeper without suffering all these problems.

As we have seen, one solution is to use an atmospheric diving suit (ADS), but
these are bulky, expensive, and require a surface support team. Another more
moderate option to deal with narcosis is to breathe mixed gas such as heliox or
trimix, or to use closed-circuit rebreathers (CCRs), as discussed in Chapter 2.
However, these options still don’t avoid the problem of bubbles and DCS, because
helium still dissolves in tissues and causes bubbles when pressures are released, just
like nitrogen. A third option may be liquid breathing.
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Panel 9.2. Snibby the dog

Experiments investigating gas exchange in saline-filled human lungs were [irst
conducted by Johannes Kylstra in the 1970s, but before the procedure could be
tested on humans, several tests were performed on animals (dogs were a
favorite). The test dogs were usually studied in pressure chambers large
encugh to accommodate air-breathing investigators and their liquid-breathing
experimental test subject. First, a tub was placed in the chamber and filled with
saline solution, after which the dog was anesthetized, shaved, washed,
tracheotomized, and given antibiotics before being suspended above the tub.
An airtight cover was placed over the dog and was attached securely around
the tub, after which the chamber was pressurized with air. Oxygen was then
bubbled through the saline solution. Investigators were protected from oxygen
poisoning by venting the space under the cover into the chamber exhaust.
After bubbling of oxygen through the salt solution had stopped, the dog was
lowered into the tub until completely submerged, aflter which the dog started
breathing liquid (he didn’t have much choicel). Liquid breathing was stopped
by lifting the dog out of the tub and draining the liquid from the animal’s
airspaces through a hose, after which the dog’s lungs were inflated forcefully
with air.

The first mammal to survive liquid breathing was a friendly mongrel dog
called Snibby. During his experience breathing liquid, Snibby’s systolic and
diastolic arterial blood pressures were a little lower than normal and his heart
rate was also lower. His breathing rate was slower than normal, but this was to
be expected because breathing liquid is hard work. Although his blood was
saturated with oxygen, the carbon dioxide level increased markedly. After
spending 24 min underwater, Snibby was resuscitated and went on to make a
full recovery. He was later adopted by the crew of the submarine rescue vessel,
H.M. Cerberus, and served as a mascot.

As for Kylstra, he continued to conduct groundbreaking liquid-breathing
research — work that carned him US Department of Defense funding, a photo
essay in Life magazine in 1967, and a Lockheed Martin Award for Science and
Engineering from the Marine Technology Society in 1970. In 1989, he worked
as a consultant for The Abyss director, James Cameron.

the pressure is, the partial CO, pressure available to dissolve CO- into the liquid can
never exceed the pressure at which CO, exists in blood, which is about 40 mm ofl
mercury [13]. At this pressure, most PFCs require a volume cquivalent to
70 milliliters per kilogram of bodyweight (about 51 for an adult male) to remove
enough CO, for normal resting metabolism. The situation is compounded when the
diver’s metabolic activity is considered, since the more active the diver is, the higher
the breathing rate and the greater the production of CO,. In [fact, the
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