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REBREATHERS AND SCIENTIFIC DIVING - BEST PRACTICE
RECOMMENDATIONS

February 16-19, 2015
Wrigley Marine Sciences Center, Catalina Island, CA

Sponsors - NPS, NOAA, DAN, AAUS

Preamble

P1 - The Rebreathers and Scientific Diving workshop was developed as a vehicle to review standards,
practice, physiology, incidents and equipment evolution relevant to scientific diving with rebreathers.
The primary goals were to enhance cross-agency communication and to produce a best practices
template available to the community. The program involved 18 hours of structured sessions over three
days - lecture, discussion, and practical - with unstructured time for additional interactions.

P2 - These recommendations are offered for consideration of the scientific diving and related
communities, and may not be applicable in all situations. We recognize that the ultimate authority for
the authorization of users and approved equipment and operations lies with the institution. The items
discussed reflect the issues of special concern identified by participants, but the list is not exhaustive.
The product should be considered as an iterative, not final, effort. Technological evolution and
practice development will introduce new elements that should be considered. A periodic review of
issues, both ongoing and emerging, will be required.

Research Priorities

R1 - Collect, review and publish data evaluating the efficacy and validity of oxygen exposure limits
(including CNS, pulmonary, hyperoxic myopia, and setpoint selection)

R2 - Evaluate the efficacy of breathing-loop disinfection products and protocols
R3 - Collect, review and publish data evaluating oxygen handling in field operations

R4 - Collect, review and publish data evaluating the use of full-face masks and mouthpiece retaining
devices

R5 - Continue efforts to develop and implement reliable CO, monitoring technologies
R6 - Evaluate the efficacy and utility of oxygen cell testers and oxygen cell validation protocols

R7 - Collect, review and publish data evaluating the efficacy of different practices to store packed and
partially used CO, absorbent material.



Workshop Priorities

W1 - A number of critical issues identified in this meeting are complex enough to require more
extensive deliberation. It is recommended that dedicated workshops are conducted to collect, review
and publish information evaluating practice and safety on the following topics as they relate to
scientific diving:

W2 - Mixed team operations - cross-training, gas sharing, surface support, emergency procedures

W3 - Bailout Strategies - supply requirements, equipment configurations (e.g., bailout valves, staged
bailout, shared bailout). Bailout strategies are complex and are specific to individual circumstances
and available equipment.

W4 - Diver training - prerequisites, initial training requirements, skill elements, depth progression,
proficiency assessment, progressive workup requirements (general qualification and project-specific),
task-load management, skill maintenance, cross-over training requirements, training requirements for
non-divers (straight to rebreather), and retraining after break from diving.

Recommendations to Manufacturers

M1 - Alarms for life-critical failure states should be designed to be:

1. Unambiguously differentiated from standard instrumentation monitoring displays to reduce
the possibility of being overlooked or ignored by the diver;

2. Expressed to the diver via at least two different sensory modalities (visual, auditory, or
tactile);

3. Detectable by other members of the dive team without action on the part of the diver.

Note: Consideration of human factors engineering of alarm systems from complementary disciplines
such as automotive, aviation and aerospace safety engineering may prove fruitful for future
improvement and/or standardization of critical alarm systems.

Operational Recommendations

O1 - Abnormal (off-nominal) events or incidents involving rebreather function, even minor, should be
documented. Where appropriate, the information should be shared with the broader community.

O2 - Institutions should capture, maintain, and share detailed information in standardized format
about individual dives and divers (appropriately de-identified). This includes dive computer
downloads (e.g., comprehensive time-depth profile, gas mix[es], PO,), diver demographics, and diver
condition (e.g., perceived workload, thermal stress, health outcome).

03 - A system for aggregating data on diving activity within the scientific community, including data
exchange standards and protocols and data management tools should be developed.

04 - AAUS rebreather standards should be updated and standard operating procedures documented.
05 - Rebreather modifications (including consumables and operational limits) that deviate from or are

not covered by manufacturer documentation should be discussed with the manufacturer and approved
by the DCB prior to implementation.



06 - Calculation of respired gas density should be part of dive planning. Ideally, densities should be
less than 5 g-L™, and should not exceed 6 g-L™* under normal circumstances.

O7 - Elevated physical exertion can produce numerous risks to diver safety, including CO, retention,
increased decompression stress, and increased susceptibility to oxygen toxicity. Management of diver
exertion should be considered as part of dive planning. Optimally, physical exertion during periods of
gas uptake should be kept as low as practicable. Light exercise during shallow phases of the dive may
help to safely increase inert gas elimination, but higher intensities may promote bubble formation.

08 - A switch from helium to nitrogen-based diluent during decompression is associated with a small
increase in the risk of inner ear DCS. While this does not preclude diluent switches, in the majority of
circumstances decompression safety may be best served by remaining on a single diluent. Bailout
from helium-based gas to gases with higher nitrogen content can be justified by circumstance and are
not covered by this statement.

09 - Unit-specific checklists should be used to ensure completion of essential steps in both the pre-
dive and the final pre-water entry phases.

010 - The diver should have reliable access to an alternate life support system designed to safely
return the diver to the surface at normal ascent rates, including any required decompression, in the
event of primary rebreather failure.

011 - Optimal rebreather configuration would provide the diver and rescuers with the ability to
change the diver's breathing supply source from the breathing loop to an alternate, known safe
breathing gas supply (open-circuit or redundant rebreather system) without the removal of the
rebreather mouthpiece or full-face mask unless such a configuration creates additional risk (for
example, systems incorporating gas mixtures which might be unsafe to breathe at certain depths
should incorporate additional measures to prevent such an occurrence). Optimally, such
configurations should be designed to be reliably activated with minimal delay and in a one-handed
manner.

012 - Divers are responsible to ensure that they are in good health and maintain fitness for diving.
The decision to dive is that of the diver. A diver may refuse to dive, without fear of penalty or
reprisal, whenever he or she feels it is unsafe to do so. The ultimate responsibility for safety rests with
the individual diver. It is the diver's responsibility and duty to refuse to dive, if, in his or her
judgment, conditions are unsafe or unfavorable, or if they will be violating regulations or the precepts
of his or her training.

013 - The prebreathe duration should be sufficient to verify control and monitoring system functions.
The prebreathe procedure cannot reliably detect a missing or compromised scrubber. The prebreathe
should be conducted as close to the start of every dive as practicable.

014 - Where applicable during initial build, manual negative and positive tests should each be
maintained for a minimum of one minute.

015 - Management of an unresponsive rebreather diver should be included in diver training. Accident
response plans and forms should be developed (refer to UHMS guidelines; Mitchell et al. 2012).

016 - When conducting mixed team training team members should be able to recognize life-
threatening events and provide emergency support. All team members should have access to alternate
emergency breathing gas.



017 - When conducting cross-platform rebreather and mixed- or cross-mode diving team members
should have operational familiarity with each other's equipment and be able to effect both assist and
rescue procedures.

018 - The minimum annual rebreather diving activity to maintain currency should be 12 dives with a
minimum 12 h underwater time. It must be noted, however, that the minimum level is insufficient for
some rebreather diving activities. Diving Control Boards should review and establish rebreather
minimum use and diver proficiency standards that are appropriate to maintain currency for their
organizational activities. To count toward currency, dives should be at least 30 min in duration.

019 - Pre-operation workup dives are recommended to verify diver competency. They need to
include review and practice of emergency recognition and response skills and management of task
loading. A schedule of progressive workup dives is most important after significant periods of
inactivity.

Deferred Topics List

Editors' note: A number of topics or issues were raised during the workshop that could not be
adequately addressed in the time available or with the resources in hand. The list expanded and
contracted as we progressed, leaving the following items for future consideration.

Environment progression schedule

Topside support recommendations/considerations

Guardian Angel (partner diver tasked solely with monitoring a working diver) requirements
Multi-institutional operations

Days off, operational limits, fatigue

Rebreathers approved for program use

Third party testing requirements / Vetting of third party equipment reviewers

Approval of decompression algorithms

Real-time diver tracking and monitoring

Information on rebreather support and requirements for non-rebreather supervisors

Reference

Mitchell SJ; Undersea and Hyperbaric Medical Society Diving Committee. Guidelines for rescue of an
unresponsive diver from depth. Diving Hyperb Med. 2013; 43(3): 168-70.
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An Overview of Rebreathers in Scientific Diving 1998 — 2013

Steven H. Sellers

National Park Service, 12795 W. Alameda Parkway, Lakewood, CO 80228, USA
Steven Sellers@nps.gov

Abstract

A review of rebreather use in the scientific diving community from 1998 — 2013 based on 10,200
individual dive logs made by 221 divers from 20 different organizations as well as summary
statistics and incident reports submitted to the American Academy of Underwater Sciences
(AAUS) statistical database. The study provides a summary comparison of scientific open-circuit
and rebreather diving during the sample period, an overview of the population of scientific
rebreather divers, the rebreather platforms used, the general purpose of the rebreather dives
conducted (training or scientific), specialized environments in which rebreathers are being used
for scientific diving, breathing gases being employed, and depth ranges where scientific divers are
training and working. The data indicates a trend toward increasing numbers of rebreather dives
and rebreather divers within the scientific diving community.

Keywords: safety, closed-circuit, hypoxia, semiclosed-circuit, accident, incident, safety AAUS

Introduction

Rebreathers in scientific diving have a long, complicated history. That is not the subject of this
presentation. This is a snapshot of rebreather use in the scientific diving community in the recent past.
It is not the complete picture, and it does not claim to be without flaws.

The summary statistics available through the American Academy of Underwater Sciences (AAUS)
database are generally used to provide a cursory view of the AAUS diving activity. They have clear
limits in providing a more in depth look at rebreather use in the scientific diving community. This
presentation will review the content and limitations of the AAUS database, and supplement the
AAUS data with information submitted from individual diver logs.

The AAUS Statistical Record

The AAUS statistical records predate the creation of their online data collection system. However,
collection criteria prior to 1998 were not as well-defined, and tended to lack a degree of consistency
from year to year. Since 1998 the data collection criteria have been consistent and uniform, and
provide a good basis for comparison. Therefore, the early limit for this study was set at 1998, the first
year of the online AAUS dive statistical database. Data were reviewed through 2013.

There are three major limitations of the AAUS statistics database. The first is the summary nature of
the data collected. The Academy does not collect the individual dive log entries from its entire
membership; that information resides with the individual Organizational Member (OM). The second
limitation is a function of AAUS membership. Scientific diving conducted by unaffiliated
organizations and individuals is not collected or represented. The third limitation is that close calls
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and even incidents that were successfully managed before significant insult developed may not be
reported.

A review of the AAUS database identified 52 OMs reporting rebreather dives between 1998 and
2013. During this time their divers logged 10,988 rebreather dives for a total of 594,932 min
(approximately 9,915.5 h). Three incidents were reported in association with these exposures, one
case each of decompression illness, idiopathic immersion pulmonary edema, and hypoxia (Table 1).
Incident descriptions are presented as submitted to AAUS had have not been modified by the author.

The AAUS summary statistics included in this report were supplemented by the data provided by four
non-AAUS organizations. Each is or was a US Federal unit with a very active diving program that
included substantial rebreather operations. This increased the summary data for rebreather dives
logged between 1998 and 2013 by 43% to 15,767 dives logged by a total of 56 discrete organizations.
This constituted 833,971 min of dive time (approximately 13,899.5 h). The additional data also
included three additional reported incidents, one case of oxygen toxicity, one nonfatal drowning
associated with an oxygen convulsion, and one case involving asymptomatic decompression concern
that involved treatment with a USN Table 6 out of caution due to the circumstances of the dive (Table
2).

Table 1. Incident descriptions from AAUS Database

Year: 2011
AAUS Incident ID: 130
Diving Purpose: Scientific
Diving Gas: Air

Diving Mode: Rebreather

Decompression Planning and
Calculation Method:

Dive Computer

Specialized Environment:

Required Decompression

AAUS Depth Range:

151-190 ft (46-58 m)

Incident Type: Hyperbaric
Incident Rating Scale: Moderate
Did this incident involve a No

workman's compensation
claim?

Describe the circumstances
surrounding this incident and
the extent of the injuries or
illness:

Research dive to 148 ft (45 m), bottom time 27 min, total time
108 min, on Megalodon rebreathers with air diluent. No
deviation from decompression schedule, according to online
Shearwater Predator and VR3 computers. Two divers qualified
on the Meg. Three hours after exiting the water, one of the divers
complained about dizziness, disorientation, weakness and
showed spots on her skin.

Describe the treatment
provided and results:

She was put on O, and was evacuated by EMS to the local
hospital and hyperbaric facility. After initial examination she was
treated in the chamber for more than seven hours with CX30
treatment tables (50% O,/50% He 30 m) and was asymptomatic
at the end. A follow-up examination found no residual effects.

Recommendation to avoid
repetition of incident:

More conservatism; proper hydration and rest before deep dives.

Other details:

On medical recommendation she avoided diving for eight weeks.




Year: 2012
AAUS Incident ID: 139
Diving Purpose: Scientific
Diving Gas: Nitrox
Diving Mode: Rebreather

Decompression Planning and
Calculation Method:

Dive Computer

Specialized Environment: N/A

AAUS Depth Range: 0-30 ft (0-9 m)
Incident Type: Hypoxia/Hypercapnea
Incident Rating Scale: Moderate

Did this incident involve a No

workman's compensation
claim?

Describe the circumstances
surrounding this incident and
the extent of the injuries or
illness:

On this date one of our qualified Megalodon divers was planning
to dive to 148 ft (45 m) with air diluent, to a deployed
experiment. The diver was accompanied by an open-circuit
technical diver. Both planned to use scooters for propulsion. The
Megalodon diver claimed that they made a complete pre-dive
check according to the checklist, including a breathing check. A
few minutes after entering the water (still at standing depth) the
victim's partner started yelling that something is wrong with
victim and proceeded to pull them up to the surface. The victim
reacted that there was nothing wrong and convinced everybody
that they were OK to dive. The two divers decided to close the
distance to the experiment site in shallow water (6-10 ft [2-3 m].)
using the scooters. A couple of minutes after they were on their
way the partner noticed that the Meg diver was on his back and
partner immediately pulled the victim up to the surface and
started yelling for help. Partner said later that victim still had the
DSV in his mouth and the partner removed it on the surface. |
arrived at the scene two or three minutes later and saw that victim
was conscious but very confused. Checking the primary display
the PO, (on the surface) was 0.15 ATA And the solenoid O, hose
with the Swedgelock QC4 was disconnected.

Describe the treatment
provided and results:

Victim was treated with O, and was sent to the hospital for
follow-up where they kept victim on O, for a few hours since his
O, blood saturation was low.

Recommendation to avoid
repetition of incident:

Closer involvement of the DSO in all aspects of planning,
preparations and conducting all technical dives

Other details:

No other details

Year: 2012
AAUS Incident ID: 141
Diving Purpose: Scientific
Diving Gas: Air

Diving Mode: Rebreather

Decompression Planning and
Calculation Method:

Dive Computer




Specialized Environment:

Required Decompression

AAUS Depth Range:

101 to 130 ft (30-40 m)

Incident Type: Other
Incident Rating Scale: Serious
Did this incident involve a No

workman's compensation
claim?

Describe the circumstances
surrounding this incident and
the extent of the injuries or
illness:

Scientific diver, 300 ft (90 m) depth rating, endorsements for dive
computer, CCR, nitrox, mixed gas, stage decompression. After
entering the program as an experienced diver from another
AAUS institution and completing the SDQC, the diver has
logged 123 dives, including 65 CCR dives comprising 95.5 h
dive time; 20 dives have been logged to depths in excess of 130
fsw (40 msw). Supporting staff on site included DSO/buddy;
support diver, vessel operator, topside support. Activity: Dive
objectives were twofold. The primary objective was recovery of
Artificial Reef Modules (ARM) with photo/video documentation
of ARMs in situ and of the recovery process. The dive was also
intended as a work-up for Diver's return to diving, in preparation
for deeper planned activity in support of the same project. ARM
recovery entails only moderate exertion on the bottom. The dive
team was to recover a total of six ARMS, each constructed of
stacked 3/8" PVC panels forming a porous cube with dimensions
of approximately 16" x 16" x 16". With an in-water weight of
approximately 4 Ib (2 kg), an ARM is easily handled by a diver
on the bottom. For recovery, each ARM is covered with a plastic
cap (milk crate lined with nitex screen) cinched into place with
two webbing straps before being sent to the surface with a lift bag
attached by carabineer. Approximately 5 Ib (2.3 kg) of lifting
force was required to start the ascent of each ARM. Both divers
were equipped with Inspiration Vision closed-circuit rebreathers
(CCR) using air diluent. Divers operated at a constant PO,
setpoint of 1.3 ATA at working depth, and 0.7 ATA setpoint
shallower than 20 fsw (6 msw) during ascent. Each diver carried
a 30 ft° cylinder of 32% oxygen nitrox for open-circuit bailout,
and a second 50 ft* cylinder of 50% oxygen nitrox. The latter
cylinder was primarily intended to inflate lift bags to recover the
ARMs, but was also available for the divers if needed at depths
shallower than 70 fsw (21 msw) (MOD of EAN50 @ PO, limit of
1.6 ATA). Additional decompression gas was staged in the
support vessel with protocols for its deployment in the event it
was needed. The divers completed ascent using only the CCR.
Divers conducted all pre-dive equipment preparation and leak
checks successfully, including in-water assessment for CCR
bubble leaks immediately after immersion. The dive proceeded
normally and uneventfully through descent and bottom working
phases. At approximately 35 min elapsed dive time and after
working phase was complete, Diver deployed a surface marker
buoy from their line reel as an ascent line and divers initiated
ascent per normal procedures. Support diver entered the water,




sent down an 80 ft° cylinder of 50% oxygen nitrox bail-out gas,
and followed down to the dive team, according to normal
procedure.

Describe the treatment
provided and results:

Incident and Resolution: After the working phase was complete
and shortly before the start of ascent, Diver indicated to buddy
feeling chest tightness and started coughing. Diver's severe
coughing continued throughout the dive team's controlled ascent
and decompression of ~17 min, and during the post-dive transit to
boat ramp (~30 min). Upon arriving at harbor and with symptoms
continuing, the victim was placed on oxygen and Diving Medical
Officer and HTC Medical Director were called for phone
consultation. Per advice, EMS was called and the diver
transported to ER. Albuterol nebulizer treatment was negative for
symptom relief. Chest X-ray was diagnostic for pulmonary
edema. Administration of Lasix (diuretic) resulted in symptoms
lessening to resolution. Diver was released from the ER after two
hours of observation.

Recommendation to avoid
repetition of incident:

Findings and Recommendations: No evidence of equipment
malfunction or procedural error is evident. Medical diagnosis by
attending physician was idiopathic immersion pulmonary edema.
Lack of resolution with Albuterol administration indicates event
was probably not related to asthma or allergens. MD
Recommendations: Follow up with personal physician. Required
exams and testing prior to clearance for further diving to be
determined, and are pending discussion by Diver, DSO, DMO.
Diver will refrain from diving until satisfactory explanations and
evaluations are forthcoming.

Other details:

Equipment: While diver and DSO were at the hospital, the diver's
rebreather was returned to the Dive Locker, externally rinsed and
the oxygen and diluent supply cylinders removed by Logistics
Specialist. After return from the hospital, Diver and DSO
disassembled and cleaned the rebreather and downloaded its
electronic dive log. Normal to slightly elevated amounts of
exudate fluid were noted in the exhalation counterlung. The CO,
absorbent canister, CO, absorbent, electronics head, inhalation
counterlung and inhalation-side hoses contained only normal to
less than normal amounts of condensate moisture. This is
consistent with the diver's production of fluids during coughing,
with no other leaks. Diver reported no unusual taste or odor in the
breathing supply at any phase of the dive. Diver's gas supply
cylinders were filled from the UHDSP dive locker fill station and
contained expected post-dive pressures. Gas analysis indicates
proper oxygen content in both cylinders, also with no unusual
odor or taste noted by the DSO or Logistics Specialist. The
battery compartments in the Diver's unit were upgraded by the
manufacturer in the Fall of 2011 to new redesigned type, sealed
against pressure differentials of up to 20 ATA. Battery
compartments were opened and no evidence of internal
pressurization was observed. No evidence of water ingress into or
leakage from the battery compartments was seen. Data was
downloaded from the Diver's and partner’s electronics. Time and




date log on Diver's CCR electronics were incorrect. Downloaded
data indicate that PO, was controlled properly, with sensor
readings within manufacturer's tolerances. No warnings for
hypoxia, hyperoxia, or oxygen sensor drift occurred. Estimated
oxygen exposures experienced by Diver were 27% peak CNS,
24% peak OTU, and are well within planned levels and accepted
safe limits. Decompression controls were set to incur no greater
than 85% of allowable supersaturation, and no violation of
decompression or ascent rate requirements were recorded. The
CO, absorbent temperature monitor indicated proper thermal
behavior of the absorbent bed during the dive. The Diver's
symptoms were not consistent with CO, excess.

Table 2. Incident reports from non-AAUS contributors.

Year: 2012
Incident ID: Not Provided
Diving Purpose: Scientific
Diving Gas: Nitrox
Diving Mode: Rebreather

Decompression Planning and Calculation Method:

Dive Computer

Specialized Environment:

Required Decompression

AAUS Depth Range:

101 to 130 ft (30-40 m)

Incident Type: Other

Incident Rating Scale: Serious

Did this incident involve a workman's compensation claim? | Yes

Describe the circumstances surrounding this incident and Oxygen Toxicity

the extent of the injuries or illness:

Describe the treatment provided and results:

Details not Provided

Recommendation to avoid repetition of incident:

Details not Provided

Other details:

Details not Provided

Year: 2012

Incident ID: Boulder Basin — Diver 1
Diving Purpose: Training

Diving Gas: Nitrox

Diving Mode: Rebreather

Decompression Planning and
Calculation Method:

Dive Computer

Specialized Environment:

Required Decompression

AAUS Depth Range:

101 to 130 ft (30-40 m)

Incident Type:

Near Drowning / Hypoxia

Incident Rating Scale:

Serious

Did this incident involve a
workman's compensation
claim?

Yes

Describe the circumstances
surrounding this incident and
the extent of the injuries or
illness:

Diver experienced an oxygen convulsion at depth and aspirated
water. Diver was discovered in convulsion at depth by dive
buddy. The diver's rebreather loop was out of the diver's mouth
and closed. The diver's off board bailout regulator had been
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deployed and was free flowing into the water column. The dive
buddy attempted to place the diver's bailout regulator in the
injured diver's mouth but could not due to clenched jaws. The
buddy inflated the diver's BCD and began swimming the injured
diver to toward the surface. At approximately 70 ffw (21 mfw)
the dive buddy released the injured diver into the water column
and attempted to regain control of her ascent rate. The injured
diver's ascent rate continued to increase. Last recorded ascent rate
in 20 ft (6 m) of water was 197 ft (60 m) per minute. The injured
diver was recovered at the surface by onsite support personnel,
found to be not breathing with a frothy sputum around the mouth
and nose. The diver's pupils were reactive to light.

Describe the treatment
provided and results:

Rescue breaths, Oxygen, Airway, Air evacuation, US Navy
Treatment Table 6; diver kept unconscious in ICU for 2.5 days.
Diver had zero deficits upon waking. Diver has returned to full
duty including rebreather diving.

Recommendation to avoid
repetition of incident:

Equipment review found the rebreather to be assembled
correctly. The unit had returned from factory service
approximately three months prior to the incident. Inspection of
the oxygen cells found them to be 33 months old, well beyond
the 18-month maximum use range from date of manufacture.
Discussions with the manufacturer found their service practices
had changed and oxygen cells were not automatically being
replaced at service as expected. The incident review also found
the diver had not verified the age of their unit's oxygen cells.
Standards and policies were changed at both the manufacture and
institution level to require more regular checking of the dates on
oxygen cells.

Other details:

The diver received an alert from the rebreather electronics of a
cell being out of range. The alert was received at a point during
the dive where it was expected, on descent near automatic
setpoint switch. The alert was displayed as a blue/green flashing
light on the diver's HUD and the words "cell millivolt error" on
the diver's primary handset. The diver reported seeing the error,
but not remembering its significance. The diver checked the PO,
readings and did not see enough deviation to raise an alarm. After
two minutes of flashing, the unit discontinued the blue/green alert
as programed to save battery. No other alerts or alarms were
recorded by the unit pre-incident. The investigation found that
two of the three oxygen cells had become current limited and
could not detect the high end of the oxygen scale. This limited
state was just below the setpoint, causing the unit to inject higher
than needed levels of oxygen into the diver's breathing loop
throughout the dive leading to the oxygen convulsion at depth.

Year: 2012

Incident ID: Boulder Basin — Diver 2
Diving Purpose: Training

Diving Gas: Nitrox

Diving Mode: Rebreather

11




Decompression Planning and
Calculation Method:

Dive Computer

Specialized Environment:

Required Decompression

AAUS Depth Range:

101 to 130 ft (30-40 m)

Incident Type: Hyperbaric
Incident Rating Scale: Minor
Did this incident involve a Yes

workman's compensation
claim?

Describe the circumstances
surrounding this incident and
the extent of the injuries or
illness:

Diver experienced a fast ascent from 120 to 70 ft (37 to 21 m)
while performing a rescue of a convulsing dive buddy. Diver
released dive buddy back into the water column, gained control
of her ascent rate, drifted back to the bottom where she shot a lift
bag and ascended. Upon surfacing, the diver's offboard dive
computer showed one minute of missed decompression, onboard
computer was clear.

Describe the treatment
provided and results:

Diver was placed on O,, transported to hospital to be checked out
and received a USN Table 6 (precautionary). Diver was treated
and released with no deficits.

Recommendation to avoid
repetition of incident:

No recommendations at this time

Other details:

N/A

Table 3. Rebreather use captured in the AAUS database, supplemented
with data from four non-AAUS organizations

Organization Time Number
(min) of Dives

Aquarium of the Pacific 4392 69
Bermuda Institute of Ocean Sciences 174 4
Boston University 1248 33
California Academy of Sciences 9714 133
California State University 10 1
California Department of Fish & Wildlife 26592 1370
California Science Center Foundation 285 4
California State University Monterey Bay 1029 26
East Carolina University 18217 349
Florida Fish and Wildlife Research Institute 861 10
Florida State University 1408 53
Hawaii Division of Aquatic Resources 27596 281
International Innerspace Institute Inc. 3086 53

J. F. White Contracting Co. 764 12
Marine Biological Laboratory 331 5
Monterey Bay Aquarium 1851 41
Moss Landing Marine Laboratories 97 3
National Oceanic and Atmospheric Administration (NOAA)* 53192 628
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Organization Time Number
(min) of Dives
National Park Service (NPS)" 81039 1261
NIWA New Zealand 6455 226
North Carolina Aquarium at Roanoke Island 2564 47
National Undersea Research Center (NURC)" 40140 497
Occidental College, Vantuna Research Group 38 1
Oregon Coast Aquarium 57 1
Perry Institute for Marine Sci., Caribbean Marine Research Center 2258 41
Prince William Sound Science Center (PWSSC) 5 1
Scripps Institution of Oceanography 13008 264
Shannon Point Marine Center 211 7
Shark Reef at Mandalay Bay 105 2
Teen Research Underwater Explorers 1546 37
Texas A&M University at Galveston 19154 268
Texas Parks and Wildlife Department 160 3
The Florida Aquarium 15700 274
The Interuniversity Institute for Marine Sciences in Eilat 22925 596
The Nature Conservancy, Hawaii Field Office 5541 76
The University of New Hampshire 19518 275
The University System of Georgia 530 8
University of Alaska 579 18
University of California, Davis 8319 118
University of California, Santa Cruz 23030 769
University of Connecticut, Marine Sciences and Technology Center 34017 605
University of Florida 27925 669
University of Hawaii 150914 1902
University of Miami/RSMAS 7374 134
University of Mississippi 7753 113
University of North Carolina at Wilmington 50013 680
University of Puerto Rico at Mayaguez, Dept. of Marine Sciences 5103 60
University of Rhode Island 822 17
University of South Florida 15900 326
University of Southern California 6948 122
University of Tasmania 19376 372
University of the Virgin Islands 12341 307
University of Washington 824 13
US Geological Survey (USGS) 64668 2393
Virginia Institute of Marine Science 55 1
Woods Hole Oceanographic Institution 16209 188
TOTAL 833971 15767

! Non-AAUS organizations providing data for this report.
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Study Group and Review Criteria

For this review rebreather dive logs linked to individual divers were requested from OMs of AAUS,
and non-member organizations known to use rebreathers as a diving mode for conducting scientific
diving activities. Logs were requested from:

Aquarium of the Pacific - AAUS OM

Agquarius Reef Base

Bermuda Institute of Ocean Sciences — AAUS OM
Bishop Museum/Association for Marine Exploration
Boston University — AAUS OM

California Academy of Sciences — AAUS OM

California Department of Fish and Wildlife - AAUS OM
East Carolina University — AAUS OM

Environmental Protection Agency (EPA)

Florida State University — AAUS OM

Hawaii Division of Aquatic Resources - AAUS OM
Monterey Bay Aquarium — AAUS OM

National Park Service - AAUS OM

National Oceanic and Atmospheric Administration (NOAA)
NURC (National Undersea Research Center)

NIWA New Zealand - AAUS OM

North Carolina Aquarium at Roanoke Island - AAUS OM
Scripps Institute of Oceanography — AAUS OM

Teen Research Underwater Explorers — AAUS OM
Texas A&M Galveston — AAUS OM

The Florida Aquarium — AAUS OM

The Interuniversity Institute for Marine Sciences in Eilat - AAUS OM
The Nature Conservancy, Hawaii Field Office - AAUS OM
The University of New Hampshire - AAUS OM
University of Alaska — AAUS OM

University of California, Davis - AAUS OM

University of California, Santa Cruz — AAUS OM
University of Connecticut - AAUS OM

University of Florida - AAUS OM

University of Hawaii — AAUS OM

University of Miami/RASMAS - AAUS OM

University of Mississippi - AAUS OM

University of North Carolina at Wilmington - AAUS OM
University of Puerto Rico at Mayaguez - AAUS OM
University of Rhode Island - AAUS OM

University of South Florida— AAUS OM

University of Southern California— AAUS OM
University of Tasmania— AAUS OM

University of the Virgin Islands — AAUS OM

US Geological Survey (USGS)

Woods Hole Oceanographic Institution - AAUS OM
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For each log submitted, organizations were asked to provide:

The date the dive was conducted, or the year the dive was conducted

A diver identifier (name, number, initials, etc.)

The sex of the diver

Maximum depth of the dive, identified as feet or meters

Dive time (surface to surface time in min)

The purpose of the dive (Training or Scientific)

The primary breathing gas used in the rebreather (100% oxygen, nitrox, or mixed gas
[containing helium])

A true or false indication of if the diver used a full face mask or mouthpiece retention device
for the dive

A true of false indication of if the dive required decompression stops

A true or false indication of if the dive was conducted in an overhead environment (cavern or
cave)

A true or false indication of if the dive was conducted at altitude. For the purpose of this
study altitude was defined by the US Navy Dive Manual Revision 6 (2008) section 9-13.2
"Need for Correction. No correction is required for dives conducted at altitudes between sea
level and 300 ft [90 m]." "At altitudes between 300 and 1000 ft [90 and 300 m], correction is
required for dives deeper than 145 fsw [44 m] (actual depth). At altitudes above 1000 ft (305
m), correction is required for all dives."

The rebreather make/model used for the dive

A true or false indication of if the diver experienced a reportable dive incident on this dive.
(required hyperbaric treatment, serious physical injury requiring hospitalization, death)

Twenty organizations provided individual dive logs. One organization (USGS) provided additional
summary data not available in the AAUS database. Responding organizations provided logs in either
electronic or paper format. Electronic formats ranged from Excel spreadsheets to, in one case,
submission of a copy of the organization's entire Access database of dives. Paper formats included
copies of actual field logs, printouts from field reports, or copies of divers hand written dive logs. The
organizations submitting rebreather dive logs for this review were:

Bishop Museum/Association for Marine Exploration

California Academy of Sciences — AAUS OM

California Department of Fish and Wildlife - AAUS OM

East Carolina University — AAUS OM

Hawaii Division of Aquatic Resources — AAUS OM

National Park Service (NPS) — The NPS is a new AAUS OM, but was not an OM during the

time frame of this study. NPS dive statistics prior to 2014 are not included in the AAUS
statistical database.

National Oceanic and Atmospheric Administration (NOAA)
National Undersea Research Center (NURC)

Scripps Institute of Oceanography — AAUS OM

The Florida Aquarium — AAUS OM

The Interuniversity Institute for Marine Sciences in Eilat - AAUS OM
The University of New Hampshire - AAUS OM

University of California, Davis — AAUS OM

University of California, Santa Cruz — AAUS OM
University of Connecticut - AAUS OM

University of Hawaii — AAUS OM

University of Mississippi - AAUS OM
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e University of North Carolina at Wilmington - AAUS OM
e University of Rhode Island - AAUS OM
e Woods Hole Oceanographic Institution - AAUS OM

Logs Submitted Outside of the Study Time Range

Several organizations submitted logs beyond the requested 1998 to 2013 date range. These logs were
included in the master log file and will be referred to for additional context in some cases, but the
concentrated focus of this review will stay in the 1998 to 2013 timeframe.

The earliest rebreather dives reported for this effort were 13 training dives done by five NURC divers
in 1988. The dives were performed using a Biomarine CCR 1000 and amassed 364 min of dive time
(Figure 1). There was then a break in the logs submitted until 1992 when the University of California
Santa Cruz (UCSC) provided logs for dives conducted on a Cobra 100% oxygen rebreather. Use of
the Cobra was the only rebreather platform reported for 1992 and 1993, and all dives were listed as
scientific in purpose. In 1994 the USCS logs were joined by logs submitted by the Bishop
Museum/Association for Marine Exploration using the Cis-Lunar MK-4P. These Cis-Lunar logs
involved training and scientific dives and listed use of nitrox and mixed gas as diluent.

Dives submitted for 1995, 1996, and 1997 consisted of logs for six divers from three organizations
(UCSC, Bishop Museum/Association for Marine Exploration, and the University of Hawaii [UH]).
Scientific dives dominated the logged purposes, 366 Scientific to 12 training dives. Seven different
rebreather platforms were listed, two different 100% oxygen units (the Cobra, and the Lar V), three
semi-closed units (the Fieno, Halcyon, and the Draeger Dolphin [dives submitted on the Atlantis were
included as Draeger Dolphin to simplify tabulation]), and two CCRs (the Cis-Lunar MK-4P, and the
Cis-Lunar MK-5P) (Figure 2). These three years are significant in that they include the first
rebreather dives logged, submitted for this review, at depths greater than 190 fsw (58 msw). Sixty-six
dives were logged by the Bishop Museum/Association for Marine Exploration using the Cis-Lunar
MK-4P and Cis-Lunar MK-5P for scientific purposes from depths of 192 fsw (59 msw) down to 420
fsw (128 msw). Three of the dives conducted in 1995 are the first instance in the submitted samples
where a full-face mask/mouthpiece retention device was listed as used.
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Figure 1. Upper photo: Richard Pyle using the Cis-Lunar MK-4P for decompression
operations in Papua New Guinea, 1995 (photo courtesy Richard Pyle). Lower
left and lower right: Biomarine CCR 1000.
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Figure 2. Cis-Lunar MK-5P (photo courtesy Richard Pyle).

Open-Circuit vs Rebreather Dives

The AAUS statistical database references 1,675,350 open-circuit (OC) dives logged from 1998
through 2013, totaling 69,826,983 min of dive time (1,148,783 h) (Figure 3). During this same time
period, AAUS OMs logged 10,988 rebreather dives for a total of 594,932 min of dive time
(approximately 9,915.5 h). The rebreather diving captured represents <0.7% of the number and
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<0.9% of the underwater time logged for OC dives. Stated another way, there were 152-times more
dives and 116-times more underwater time logged for OC diving than rebreather diving in this
sample.
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Figure 3. Open-circuit vs rebreather dives (AAUS OMs)

Comparing the number of AAUS OC divers logging dives annually with the number of AAUS
rebreather divers logging dives annually produces a very similar graph. Such comparisons succeed in
demonstrating that OC scuba is currently still the dominant mode used in scientific diving. They do
little to shed light on rebreather use in the scientific diving community. For that we need to look at
actual log data, not summary statistics.

Due to a number of factors, the criteria for dive logs used in this review were very simplistic. The
information being collected by users on field logs is not universal or consistent. The criteria being
collected to compile summary statistics is worse. Documented information on the PO, settings,
decompression algorithms, or algorithm conservative settings used when conducting a dive was
virtually nonexistent in submitting organizations data collection protocols. The field log structure of
the data collected is also summary in nature, relying on maximum depth and time exposures to
characterize a dive, rather than more in depth records available on rebreather platforms with onboard
electronics and dedicated systems monitoring/recording capabilities. This represents a significant loss
of important information, and is but one example of how the community could improve its record
keeping and produce more usable information for future reviews.

The Population
The submitted individual dive logs identified 221 divers logging rebreather dives between 1998 and

2013 (Figure 4). Eighty-eight percent were male (n=194) and 12% female (n=30) (Figure 5). Males
logged 4,468 training dives for 261,932 min of dive time, and 4,897 scientific dives for 370,801 min
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of dive time. Females logged 25,979 min of dive time over 379 training dives and 37,227 min of dive
time over 456 scientific dives (Figure 6). Females logged more underwater time on average in
training dives than males (69 min vs 59 min, respectively), with a smaller increase in the average
underwater time logged on scientific dives (82 min vs 76 min, respectively). The available data do not
provide an explanation for these differences.
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Figure 4. Rebreather divers by year, 1998-2013.
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Figure 5. Rebreather dives logged by year, 1998-2013.
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Figure 6. Rebreather divers by categorical activity and sex, 1998-2013.

Rebreather Platforms

Within the 1988 to 2013 sample period, 17 rebreather models were reported used by 20 organizations
(Figure 7). These organizations reported 10,200 individual logs for 221 divers and 695,939 min of
dive time. All 17 rebreather types and models are referenced in Figure 7. Oxygen rebreathers and
multi gas units were then separated out to provide a more useful comparison. There were two dives
reported on the Exosuit. These were excluded from the comparison of multi gas rebreathers due to the
uniqueness of the Exosuit platform (a one atmosphere suit requiring larger vessel support for
deployment and recovery).
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Figure 7. Rebreather use by platform, 1998-2013.

A closer examination of the 1,159 100% oxygen rebreather dives submitted for the sample period
finds a nearly equal split for divers using the Cobra (40%) and divers logging dives on the Frogs
(39%). The Lar V was used on 21% of the 100% oxygen dives submitted (Figure 8). The Bio Pac 60
dive was indicated to be an experiment. These dives were logged by 17 divers representing four
organizations (California Department of Fish and Wildlife, University of California Santa Cruz,
University of Connecticut, and University of Hawaii).
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Figure 8. 100% oxygen rebreather dives by platform, 1998-2013.
Excluding the 100% oxygen units and the Exosuit from the CCRs used between 1998 and 2013
leaves 11 rebreather make/models represented: the AP Classic and AP Vision (Inspiration or

Evolution), the Cis-Lunar MK-4P, the Cis Lunar MK-5P, the Megalodon, the MK 15, the Poseidon
MKG®, the Poseidon SE7EN, the Prism Topaz, the Prism Il, and the Sentinel (Figure 9).
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Figure 9. Multi Gas CCR dives by platform, 1998-2013.

A total of 205 divers were recorded logging 8,913 reported CCR dives on these multi gas rebreather
platforms. Figure 10 breaks the multi gas rebreather use down by diver percentage. CCR platforms in
Figure 10 were collapsed to the manufacturer level for simplicity of tabulation.

Twenty-Six of the 221 divers appearing in this survey logged dives on multiple rebreather platforms
(Table 4). The logs indicate that some of these multi-platform dives were probably 'try' dives where
the diver was testing a different rebreather model. However, the logs also indicate several of these
divers were/are operational on multiple rebreather platforms.

Table 4. Divers Logging Dives on Multiple Platforms

Diver Rebreather Platform On Which Dives Were Logged
Oec02f5a Poseidon Se7en; Poseidon Mk 6

0ed6755¢c AP Vision; Poseidon Mk 6

1dbb29al AP Vision; Cis-Lunar MK-5P; Poseidon Se7en; Poseidon Mk 6
8c466¢che Cis-Lunar MK-5P; Poseidon Se7en; Poseidon Mk 6
a3f4bcfa Cis-Lunar MK-4P; Cis-Lunar MK-5P; Poseidon Mk 6
a6fe06a0 AP Vision; Cis-Lunar MK-5P; Poseidon Mk 6
b9bf2dab Cis-Lunar MK-5P; Poseidon Se7en

Bell AP Vision; Prism Il

Boland Cis-Lunar MK-5P; Megalodon

CM AP Classic; AP Vision
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Conlin AP Vision; Sentinel

Ed Exosuit; Sentinel

Flanagan AP Vision; Draeger Dolphin; Lar V; Poseidon Mk 6

Godfrey AP Vision; Bio Pac 60; Prism Il

Green AP Classic; Megalodon

Hauk AP Vision; Megalodon

Hoyt AP Classic; AP Vision; Megalodon

Keusenkothen AP Classic; AP Vision

LK AP Vision; Poseidon Mk 6

McFall AP Vision; Megalodon

Nunn AP Vision; Prism Il

Pence AP Vision; Cis-Lunar MK-5P; Draeger Dolphin; Lar V; MK 15; Poseidon Mk 6;
Prism 11

Rooney Cis-Lunar MK-5P; MK 15; Megalodon

Sellers AP Classic; AP Vision; Prism Il

Seymour AP Vision; Prism Il; Sentinel

Zgliczynski AP Vision; Megalodon

Prism Divers Sentinel Divers
8% f 4%

Poseidon Divers

5% .

MK 15 Divers

2%
Cis Lunar Divers
7%

)

Figure 10. CCR platforms by divers, 1998-2013.

Rebreather Dives by Purpose

Per AAUS reporting criteria dives are categorized as training/proficiency or scientific. Incorporating
non-AAUS organizations in the dataset meant not being able to rely on the proficiency classification
as one of the criteria for dive purpose, therefore the category was boiled down to training or scientific.
During the 16-year review period, the reporting organizations provided 10,200 rebreather logs.
Scientific dives accounted for 52% of the dives. Training dives accounted for 48% of the logged
dives.

When looking at the divers performing these dives, only 41% of the 221 reported divers recorded
scientific dives between 1998 and 2013, while 59% of these divers logged training dives. Annual data
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show an increase in the number of dives and divers logging rebreather, scientific, and training dives
over time (Table 5 and Figures 12-13).

Table 5. Rebreather dives logged by purpose.

Trajning Traini_ng L?)gl;i;sg Scie_ntific S_cient!fic L[())Ig;/;izsg
Dives Dive Time A Dives Dive Time g
Logged (min) Trammg Logged (min) SC|e_nt|f|c
Dives Dives

1998 0 0 0 104 6,341 3

1999 3 155 2 109 4,114 5

2000 12 568 6 115 6,657 6

2001 73 6,417 6 107 10,469 7

2002 33 2,176 4 115 11,292 8

2003 71 4,812 8 88 3,821 10
2004 78 4,494 8 100 5,277 6

2005 252 16,700 19 190 17,511 15
2006 299 18,381 27 268 20,031 19
2007 392 20,267 29 275 20,608 20
2008 699 27,679 51 419 23,945 24
2009 437 25,504 40 465 31,124 32
2010 474 23,888 44 569 52,511 42
2011 496 33,326 48 836 61,873 52
2012 834 59,637 64 637 53,546 50
2013 694 43,907 69 956 78,908 61
Total 4,847 287,911 205 5,353 408,028 140
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Figure 12. Divers logging training and scientific diving by year.
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Specialized Diving Environments

Specialized diving environments for this review were defined as dives at altitude, dives conducted
with overhead obstruction (water filled caverns or caves), and dives with required decompression
stops. These categories were selected because each requires special planning and operational
considerations.

Only nine divers from one organization (US National Park Service) logged dives defined as at altitude
(dives conducted at an altitude greater than 1000 ft [300 m] above sea level, or dives conducted at
altitudes greater than 300 ft [90 m] above sea level when dives exceed 145 fsw [44 msw] actual
depths). NPS logged 362 rebreather dives for 18,373 min of dive time between 2006 and 2013.

Eight divers from four organizations (California Academy of Sciences, The Florida Aquarium, the
National Park Service, and Woods Hole Oceanographic Institution) logged 74 overhead dives for
8,406 min of dive time. These dives were conducted from 2010 through 2013.

Required decompression is the specialized diving environment with significant numbers of rebreather
dives. Of the 10,200 dives logged during the 16-year sample period, 2,354 dives (23%) required
decompression. One-hundred of the 221 divers (46%) in the sample logged rebreather dives requiring
decompression, totaling 232,252 min of dive time. Fifteen of the 20 organizations, 75%, submitting
rebreather logs for the requested sample period logged required decompression dives. Required
decompression dives were logged every year of the sample period and increased in frequency almost
every year (Figure 13).
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Figure 13. Dives with required decompression by year.
Full-Face Masks and Mouthpiece Retention Devices
This sample finds very little full-face mask or mouthpiece retention device use. All use reported was
full-face mask. Three divers from three organizations (NOAA, NPS, and University of North

Carolina at Wilmington) logged 73 dives for 5,099 min of dive time during the 16-year sample
period.
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Breathing Gas

Analyzing the sample by breathing gas finds 100% oxygen accounted for 11% of the dives conducted
(Figure 14 and Table 6). These dives were conveyed by three organizations (California Department of
Fish and Wildlife, University of California Santa Cruz, and University of Hawaii) and reported 12
divers logging 1,160 dives for 23,794 min of dive time (Table 4).

Nitrox as the breathing gas in the diver's loop was reported by 18 of 20 organizations (Table 5). A
total of 203 divers logged 7,235 dives for 475,383 min of dive time, 71% of the dives logged. Nitrox
appeared as the breathing gas to a maximum depth of 171 fsw (52 msw).

Breathing gasses containing helium, defined in this review as mixed gas, were listed for 18% of the
dives logged, 1,805 dives, 1,963,762 min of dive time. Fourteen organizations reported 72 divers had
logged mixed gas dives between 1998 and 2013.

100% Oxygen
Dives
11%

Figure 14. Dives classified by breathing gas used.
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Table 6. Breathing gas used for rebreather diving, 1998-2013.

100% Divers Orgs. Nitrox  Divers Orgs Mixed Divers Orgs
100% Oxygen Logging Reporting Nitrox  Dive Loaaing  Re orti.n Mixed Gas Logging Re orti'n
Oxygen Dive 100% 100% DI . 991ng P 9 Gas Dive Mixed P d 9
Dives Time Oxygen Oxygen IVes T|r_ne N|_tr0x N|_trox Dives Time Gas M'X(?
. : : (min) Dives Dives . . Gas Dives
(min) Dives Dives (min) Dives
1998 64 1,901 1 1 22 1,346 19 8 18 3,094 1 1
1999 66 1,362 1 1 39 2,272 27 9 7 635 2 1
2000 32 647 2 2 78 4,652 41 13 17 1,926 3 1
2001 39 1,729 4 2 100 8,833 56 13 41 6,324 6 2
2002 40 910 1 1 55 3,132 35 10 53 9,426 6 2
2003 10 170 1 1 148 8,356 61 13 1 107 1 1
2004 38 688 1 1 130 7,286 55 12 10 1,797 2 2
2005 49 1,065 3 2 323 23,122 93 15 70 1,0024 9 2
2006 65 1,380 2 1 424 26,682 106 16 78 10,350 11 4
2007 70 1,336 3 2 516 27,831 126 16 81 11,708 10 5
2008 223 3,639 7 2 866 44,371 115 15 29 3,614 7 4
2009 154 3,157 6 2 631 40,846 112 15 117 12,625 12 6
2010 183 3,098 8 3 665 49,094 122 14 207 24,207 22 6
2011 37 784 4 1 1,015 66,642 147 17 280 27,773 27 9
2012 58 1,181 3 1 1,080 80,794 152 17 333 31,208 22 9
2013 32 747 3 1 1,155 80,124 158 16 463 41,944 31 11
Totals: 1,160 2,3794 12 3 7,235 475,383 203 18 1805 196,762 72 14

Table 7. 100% oxygen use by reporting organizations, 1998-2013.

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 Divers
CDWF 6
uUCSsC 3
UH 3

CDWEF = California Department of Fish and Wildlife; UCSC = University of California Santa Cruz; UH = University of Hawaii
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Table 8. Nitrox use by reporting organizations, 1998-2013.

1998 [ 1999 [ 2000 | 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 [ 2011 [ 2012 | 2013 | Divers
BM/AME | | 11
CAS I | 5
ECU | 14
FLAQ ] 3
HDAR | 6
IMS Eilat 19
NOAA 21
NPS 15
NURC 24

Ol Miss 1
SCRIPPS 6
UC Davis
UCONN
UH
UNCW

]
UNH |
URI
WHOI

L | =Diving Activity

BM/AME = Bishop Museum/Association for Marine Exploration UC Davis = University of California Davis

CAS = California Academy of Sciences UCONN = University of Connecticut

ECU = East Carolina University UH = University of Hawaii

FLAQ = The Florida Aquarium UNCW = University of North Carolina at Wilmington
HDAR = Hawaii Division of Aquatic Resources UNH = The University of New Hampshire

IMS Eilat = The Interuniversity Institute for Marine Sciences in Eilat URI = University of Rhode Island

NOAA = National Oceanic and Atmospheric Administration WHOI = Woods Hole Oceanographic Institution
NPS = National Park Service

NURC = National Undersea Research Center

Ol Miss = University of Mississippi

SCRIPPS = Scripps Institute of Oceanography
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Table 9. Mixed gas activity of the organizations reporting 1998-2013

1998 | 1999 | 2000 | 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | Divers

BM/AME 13
CAS | | 4
ECU ] 4
FLAQ 3
HDAR ] | 3
IMS Eilat 7
NOAA 10
NPS Y
Ol Miss 1
UCONN 4
UH 14
UNCW | |6
UNH 3
WHOI 2

e BM/AME = Bishop Museum/Association for Marine Exploration

e CAS = California Academy of Sciences

e ECU = East Carolina University

e FLAQ = The Florida Aquarium

e HDAR = Hawaii Division of Aquatic Resources

e IMS Eilat = The Interuniversity Institute for Marine Sciences in Eilat

¢ NOAA = National Oceanic and Atmospheric Administration

e NPS = National Park Service

e Ol Miss = University of Mississippi

e UCONN = University of Connecticut

e UH = University of Hawaii

e UNCW = University of North Carolina at Wilmington

e UNH = The University of New Hampshire

e WHOI = Woods Hole Oceanographic Institution

31




Rebreather Dives by Depth Profile

AAUS depth profile designations were used to classify dives by depth. They are:
e 0-30ft(0-9m)

31-60 ft (>9-18 m)

61-100 ft (>18-30 m)

101-130 ft (>30-40 m)

131-150 ft (>40-46 m)

151-190 ft (>46-58 m)

191 ft -> (>58 m)

While useful for comparing rebreather dives to the database of other modes of diving within AAUS, the
number of dives deeper than 190 fsw (58 msw) and the range of depths logged indicate a need to rework
this scale for deeper rebreather dives. No attempt to rework the depth comparison scale was made for this
review.

Many divers and organizations started looking at rebreathers, outside of 100% oxygen units, for the
advantages they bring for deeper diving. The depths at which rebreathers are being used are evidence that
they are becoming the diving mode of choice for deeper excursions made within the scientific diving
community. However, the numbers also indicate they are finding an increasing niche in the shallower
depths among scientific rebreather divers.

151 -190 ft
(>46 - 56 m)

4%
131 - 150 ft
(>40 - 46 m)
) \

a

Figure 15. Dives logged by depth profile - includes oxygen, semiclosed and
closed-circuit rebreathers, 1998-2013.
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Figure 16. Dives by depth profile, excluding 100% oxygen units, 1998-2013.

Isolating 100% oxygen dives in the depth profile data changes the percentage distribution slightly. It also
identifies approximately 1% of the 100% oxygen dives being logged with a maximum depth greater than
30 fsw (9 msw). The maximum depth logged on a 100% oxygen rebreather was 52 fsw (16 msw). The 11
dives were (depth [fsw]/min surface to surface): 33/27, 34/37, 52/17, 45/15, 43/12, 40/12, 45/17, 35/11,
34/16, 45/12, and 32/15. The dive task (surface sea otter capture) suggests that time at depth was minimal.
However, it was interesting to find documented PO, exposures as high as 2.58 ATA.

250 -

m 31-60' (<9 - 18 m) Dives
m0-30' (0 - 9 m) Dives

200 -

150 -

Count

100 -

50 -

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
Year

Figure 17. Oxygen rebreather dives by depth range, 1998-2013.
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To try and identify a trend in deeper work within the community, the data from AAUS OMs reporting
rebreather dives in the 191 fsw (58 msw) and greater depth range was compared to the 191 fsw and
greater depth reports in the AAUS statistical database. The AAUS dives by depth range reports do not
break the dives down by diving mode, so to get the comparison the rebreather dives reported for this
review were subtracted from the AAUS totals for this depth category. All organizations reporting to
AAUS for this depth range are included and provide the basis for the open-circuit portion of the graph.
Only data from organizations providing dives for this study that are common to the AAUS database were
used to provide the CCR portion of Fig 18. The comparison found rebreather use for dives greater than
190 ft (58 m) was not reported in the AAUS community prior to 2001. Since that time rebreather use in
these depth ranges has increased, while OC dives beyond 190 fsw have decreased within the AAUS
community. It is possible that other AAUS CCR users not providing dives for this study would further
impact the OC vs CCR relationship.

200

CCR Dives
160 OC Dives

120

Dives

80

40

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

Figure 18. AAUS Dives >191 ft (58 m) and > OC vs CCR, 2001-2013.

There were 1060 dives reported in the >191 ft (58 m) depth category during the 16 years of the study
period. Accounting for all rebreather logs supplied for the review there were 1,390 dives logged beyond
190 fsw. The deepest dives reported were to 486 fsw (148 msw, 15.7 ATA). To better understand the
distribution of these dives, they were classified by pressure range.
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Figure 19. Rebreather dives >191 ft (58 m) by pressure range, 1998-2013.
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Figure 20. Annual dives by depth range, all rebreather types and breathing gas, 1998-2013.
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Figure 21. Annual dives by depth range (excluding 100% oxygen dives), 1998-2013.
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Tablel10. Rebreather dives by AAUS depth profile, all rebreather types, 1998-2013.

5o 030 31 3160 6L 61200 101 U 13l S 151 DL 100 190>
Time 60 Time 100 Time 130 . 150 . 190 . > Time
Time Time Time

1998 67 1,983 3 159 9 537 1 114 273 4 299 16 2,976
1999 78 2,001 10 452 9 559 9 583 1 95 1 117 4 462
2000 52 1,477 17 893 24 1,623 14 881 3 425 3 204 14 1,722
2001 44 2,141 29 3,114 52 4,591 16 969 6 673 11 1,284 22 4,114
2002 42 968 23 1,216 18 1,132 10 531 7 605 7 889 41 8,127
2003 23 751 44 2,242 61 3,360 25 1,649 5 524 0 0 1 107
2004 55 1,518 33 1,895 45 2,507 32 1,879 3 260 11 194 8 1,518
2005 114 4,463 77 5,208 130 1,1214 77 5,690 4 292 14 1,207 26 6,137
2006 140 6315 152 8,513 139 9,704 81 5,548 14 1,014 17 1,500 24 5,818
2007 127 3,720 216 9,560 145 10,095 98 5,498 16 1,445 14 1,561 51 8,996
2008 309 8,124 492 18,111 162 12,069 98 7,335 24 2,366 11 715 22 2,904
2009 257 7,958 174 11,660 226 15,787 132 9,024 27 2,046 30 2,404 56 7,749
2010 271 7,691 171 11,A77 272 23,779 124 9,747 25 2,586 66 6,880 114 14,539
2011 196 9,673 285 19,201 372 26,405 152 9,770 59 3,288 85 6,105 183 20,757
2012 329 21,621 231 14,920 367 30,449 212 15,537 102 5,589 37 2,862 193 22,205
2013 192 8,436 220 14,518 514 40,619 236 17,382 98 5,085 105 8,629 285 28,146
Total 2,296 88,840 2,177 122,839 2,545 194,430 1,317 92,137 398 26,566 416 34,850 1,060 136,277
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Table 11. Rebreather dives by depth profile, all rebreather types, 1998-2013.

Year Divers Orgs. Divers Orgs. Divers Orgs. Divers Orgs. Divers Orgs. Divers Orgs. Divers Orgs.
Logging  Reporting  Logging  Reporting  Logging  Reporting  Logging  Reporting  Logging  Reporting  Logging  Reporting  Logging  Reporting
Dives 0-30 Dives 31-60 Dives 61-100 Dives 101-130 Dives 131-150 Dives 151-190 Dives 190->
0-30 Dives 31-60 Dives 61-100 Dives 101-130 Dives 131-150 Dives 151-190 Dives 190-> Dives
1998 2 2 1 1 2 1 1 1 1 1 1 1 1 1
1999 6 3 2 1 2 2 1 1 1 1 1 1 2 1
2000 9 3 4 2 3 2 3 1 3 2 2 1 3 1
2001 6 3 8 2 8 2 6 2 3 2 3 2 6 2
2002 3 3 3 2 6 2 5 2 5 2 5 2 7 2
2003 6 4 11 4 11 4 8 3 3 2 0 0 1 1
2004 8 5 7 3 10 4 5 3 2 2 1 1 1 1
2005 17 7 16 4 16 5 8 3 4 1 6 2 4 2
2006 20 9 24 11 23 10 22 8 6 4 7 3 6 3
2007 13 6 25 7 23 7 21 7 7 4 7 5 8 4
2008 19 10 44 10 22 7 23 6 10 4 4 3 6 2
2009 24 9 35 10 40 10 32 8 13 5 10 4 9 4
2010 27 9 37 11 40 10 37 10 16 7 18 5 19 6
2011 42 12 43 11 44 11 34 9 28 8 19 7 24 8
2012 57 12 52 12 61 13 51 11 32 10 18 9 21 10
2013 58 13 54 10 72 11 55 10 28 9 33 11 27 10
Total 157 19 199 18 176 16 147 16 92 15 66 14 72 14
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Conclusions

Although still small in number of divers and total dives logged when compared to open-circuit, rebreather
diving in the scientific diving community is growing. The advantages of extended bottom time, the virtual
elimination of the limited gas supply pressure compared to open-circuit, improved productivity resulting
from reduced surface interval requirements and the rebreather diver's ability to breathe the "best mix"
throughout the water column compared to open-circuit divers on similar dive profiles, and the elimination
of bubbles are just some of the examples expressed of why rebreathers are becoming more prevalent in
the community.

The study indicates a trend toward increasing numbers of rebreather dives and rebreather divers within
the scientific diving community.
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QUESTIONS AND DISCUSSION

DAVID KUSHNER: Steve, just one question. Did you split up, by chance, the depth distributions of the
dives between training and working dives?

STEVE SELLERS: I did not, but I can.

DAVID KUSHNER: | am interested to see if there is any difference there.

39



In: Pollock NW, Sellers SH, Godfrey JM, eds. Rebreathers and Scientific Diving. Proceedings of
NPS/NOAA/DAN/AAUS June 16-19, 2015 Workshop. Durham, NC; 2016.

Rebreather Evolution in the Foreseeable Future
Richard L. Pyle
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Abstract

Although modern rebreathers have been in existence for more than 130 years, they have rapidly
gained broader use by professional and recreational dives during the past one to two decades. This
has been driven largely through advancements in microprocessor design and associated reduction
in cost. Current emerging technological developments include real-time oxygen sensor validation,
improved carbon dioxide sensors, automated pre-dive checklists, and improved information access
through more advanced head-up display systems. The key next steps in rebreather technology
development are likely to include broader incorporation of non-galvanic oxygen sensors, options
for closed-circuit bailout for more effective decompression and diving in physical overhead
environments, more robust logging and aggregation of dive data to improve overall rebreather
performance and safety, better use of such data for system analysis in real time, and the potential
to integrate rebreather diver operation with semi-autonomous underwater robotics. The important
trends made possible by these technological advancements will lead to less expensive and more
reliable rebreathers, increased safety, and increased operational efficiency and effectiveness.

Keywords: rebreather, technology, sensors, data, bailout, validation

Introduction

During most of the 130-year history of modern rebreathers, they were used primarily for commercial and
military purposes (Davis 1955; Quick 1970); up until the 1960s, very little had changed in terms of basic
rebreather technology. In his review of the history of rebreather technology, Menduno (2014) described a
series of technological "inflection points" that have occurred during the past five decades, representing
major shifts in the design and implementation of rebreathers. The first of these was marked by the
incorporation of electronic oxygen sensors by Alan Krasberg in 1962, followed by the development of the
"Electrolung” by Walter Starck (Tzimoulis 1970; Starck and Starck 1972; Starck 1993). These early
efforts led to a series of electronically controlled mixed-gas rebreathers developed by Biomarine
Industries, Carleton Technology, General Electric, Divematics, Westinghouse, Sterling Electronics, and
Normalair-Garrett; some of which were used for scientific purposes during the 1970s and early 1980s
(Collette and Earle 1972; Hanlon et al. 1982; Collette 1996).

The next inflection point in rebreather technological development coincided with the dawn of "Technical
Diving" in the mid to late 1980s (Hamilton 1990). The development and testing of the of the Cis-Lunar
MK-1 "Failsafe Rebreather for Exploration Diving" (FRED) during the Wakulla Springs Project (Stone
1989; 1990) was one of the first major steps in this "second wave" of modern rebreather technology. This
was followed closely by the use of semiclosed rebreathers by Olivier Isler to explore caves in Europe
(Isler 1990; 1992; 1993); efforts to explore the Blue Holes of Andros Island using rebreathers by Stuart
Clough, Rob Parker and Kevin Gurr (Palmer 1990); and the use of rebreathers to film marine life by
Howard Hall and Bob Cranston (Hall 1990). Over the course of the next two decades, rebreather use
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expanded dramatically, with several manufacturers producing units targeted at the technical diving
community. The first two "Rebreather Forums” (Menduno 1994; Richardson et al. 1996) played a vital
role in establishing standards for training and testing, and brought the technical diving community
together to focus on improving rebreather safety, as well as expanding the application of rebreathers to a
broader array of users (Pyle 1996a). This included the use of rebreathers for exploration of deep coral-reef
habitats (Pyle 1996b; 1998; 1999; 2000; Pence and Pyle 2002, Parrish and Pyle 2002; Sherman et al.
2009; Sieber and Pyle 2010; Rowley 2014), and for conducting research where stealth and low acoustic
signatures are critical (Lobel 2001; 2005; Tomoleoni 2012; Lindfield et al. 2014).

We are now at the third major inflection point for rebreather technological development, most visibly
represented by the highly successful "Rebreather Forum 3" (Vann et al. 2014). This inflection point is
characterized by the emergence of rebreather designs targeted at recreational (non-technical) divers, with
a strong emphasis on reduced operational complexity and training, lower cost, and improved overall
safety. The last of these is of critical importance for the transition of rebreathers into the recreational
diving market, as preliminary data drawn from the technical diving community suggests that rebreather
divers suffer from considerably higher rates of incidents than general open-circuit recreational diving
(Fock 2014).

Innovation and technological advancement were among the core themes of Rebreather Forum 3
(Richardson and Vann 2014), and the trend towards wide-scale adoption of rebreathers by non-technical
divers is going to be driven primarily by such technological advancements (Stone 2014). Not only does
this impact the recreational diving community, but the scientific diving community is likewise poised to
expand the use of rebreathers over the next few years (McDonald and Lang 2014; Pyle et al. 2016). This
article summarizes some of the key technologies that are currently emerging in modern rebreather
designs, as well as those that are likely to emerge in the coming years; particular with regard to how these
advancements impact the use of rebreathers by scientific divers.

Emerging Technologies

Throughout the history of rebreather development, not all technological advancements were widely
adopted. For example, the development of a cryogenic rebreather held great promise, but was never fully
developed (Kushman 1969). Carbon dioxide (CO,) absorbent canisters designed with a special
hydrophobic membrane system to keep the absorbent material dry without significantly impacting the
work of breathing were extremely effective (Nordstrom 1993), but were never widely adopted; in part due
to cost. Other technologies that have been used with experimental rebreathers more than a decade ago
were ahead of their time, but technological advancements have now made them more economical and
feasible to implement. Three such examples include active oxygen sensor validation, CO, monitoring, and
information-rich head-up displays.

Oxygen sensor validation

Perhaps the most critical factor for ensuring safe operation of closed-circuit rebreathers is accurate
oxygen monitoring and control. Preliminary analysis suggests that the leading cause of fatalities for
recreational rebreathers (when data are available to infer a cause) is hypoxia (17%), with hyperoxia
assumed in an additional 4% of cases (Fock 2014). If these numbers are extrapolated to the 31% of
fatalities with scant data, then perhaps 30% of all rebreather fatalities involve too much or too little
oxygen.

The standard approach to ensuring reliable oxygen readings in closed-circuit rebreathers is the
incorporation of three oxygen sensors. This general approach not only incorporates a form of "triple-
redundancy,"” but also provides an opportunity for "voting logic," whereby an inaccurate reading of one
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sensor can be recognized as an outlier based on the readings of the other two. However, a careful analysis
of this approach for inferring reliable oxygen concentrations in rebreather gas mixtures calls its efficacy
into question. In an excellent review of the topic, Jones (2014) showed how the reliability of three-sensor
voting systems is much lower than popular perception, due largely to the lack of adequate statistical
independence of the three individual sensor readings, and the fact that most voting logic systems do not
take "asymmetrical outcomes™ (i.e., different implications of erroneous oxygen partial pressure [PO;]
readings depending on the depth) of failures into account.

One example of a situation in which voting logic fails is when two of the three sensors read similar but
incorrect values, while the third sensor is correct but significantly different from the other two. | have
experienced this situation on at least three separate occasions during my time diving with Cis-Lunar MK-
IV and MK-5P rebreathers, one of which is reported by Jones (2014). In all three cases, condensation on
the oxygen sensors had apparently trapped a small pocket of gas against the sensor membrane, causing
the sensors to indicate a PO, that was not consistent with the PO, in the breathing gas. This represents
only one example of many in which oxygen sensors can provide inaccurate readings in such a way that
simple voting logic can yield an incorrect PO, value.

In these (and other) examples of failed voting logic, | was able to determine the error by examining the
behavior of the oxygen sensors readings over time. Specifically, the two incorrect readings tended to be
very static, with little or no fluctuation in reading over time. By contrast, the one correct reading was
dynamic, and was more responsive to small gas injections to the loop, depth changes, and small
fluctuations in the oxygen 