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BACKGROUND

Closed ecological systems present unique prohiems in human toxicology.
The major problematic systems are nuclear submarines, manned spacecraft, and
saturation diving systems. Tn each case, men are r;stricted to an environment
that does not exchange with "fresh air" for periods of days té;weeks. large
development prog;ams have been beneficial to submarines and spacecraft, but
few findings have been‘translated'to the diving environment. The Nav;]
Pesearch Laboratory (1RL) has parsued submarine congamination studies aincé
1§58 (Saalfeld & Saunders, 1979) and NASA Has maintained an interest since
manned spacecraft profects in the 1960's (Conkle et al., 1970). The diving
community has been much less involved, with essenfially only one document now
addressing the issue (NAVMAT, 1976). The contamination problem in diviﬁé
éystems is compounded by exposure to higher total pressures, which amplifies
the hazafd of contaminants in compressed breathing gas. Recause the higher
pressures are provided by compressed helium or nitrogen which‘dilutes the
toxic gas, greaCer_anaIytica] sensitivity is required'to detect the saﬁe toxic

partial pressure of the contaminant. Sensitive chemical analyses of closed

environments can detect several hundred individual organic compounds: (Saalfeld

and Saunders, 1979), but even an excellent 1abofatory would require months to
evaluate such a complex chemical profile.

Fven though the need to monitor contaminants in a pressure chamber has
been acknovlédged for years, several incidents have occurréd.4 Becauge of the
overal] lack of suitable instrumentation, all 1nc1dent§ that have been
reported were first recognized By‘the divers reporting symptoms.

IThe first occurred at the Fxperimental Diving Unit in 1975. A new whip
(flexible high pressure hose), certified by the ﬁanufacturer as "oxygen-

clean,”" was actually filled with several ounces of liquid trichloroethylene,
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C,H.Cl,, a cleaning solvent. The whip was placed into service connecting

273773
breathing masks 1n.the chamber to an experiméntal gas bank while the
inhabitants were at 1000 fsw ﬂfeet of sea water) or about 31 atmospheres of
pressure. The problem was first identified by unsteadiness in the divers
breathing from the masks, followed by z diver's report of an unusual odor,
"1ike ;erfume." Tt was quickly determined that all emgrgegcy greathing gas
banks, as well as the "make-uﬁ" tube tfuck and banks of 1067 helium, had been

contaminated. Thus, it was not possible to place the divers on emergency

brgathivg gas or to maintain the depth of the chamber allowed to decompress by

passive leakage for three days while a new source of clean helium was

obtained. The entire chamber atmosphere was then replaced and normal

decompression resumed. At all times during the casualty, management was

. complicated by conflicting'reports from several laboratories on the nature of

the éontgminant(s) present and the levels to which the divers had been exposed
(Flynn, E.T. unreported observations).

The second réporte& incident occurred on an Fxperimental Diving Unit
operation at the facilities of Taylor Diving and Salvage Co. (Thalmarn, 1973),
Again, a cleaning solvent, Refrigerant-113, was accidenfal]y spilieﬁ into the

chamber. The chamber was at about 400 fsw and a worst case calculation showed

‘a possiblé concentration over 1200 ppm.' The operation was delayed for

decontahinatioh'a]though final analysis gave about 30 ppm of the solvent,
Luckily, neither incident resulted in known mortality or morbidity, but

standard procedures could not prevent a reoccurrence fsee incident reported

'below). At least two other chamber contamination incidents have apparently

occurred, one at a Navy faciiity in California, the other in MNorwav. Neither
case has heen reported {in detail.

Farly History of the 'MRT Chamber

During 1977 two separate chambers with total volume of 2300 cu ft were

?




delivered: a twc-chamber complex rated at 1500 psig 73365 fsw) were
designated chambers A and 7, and a three-chamber complex rated at 1000 psig .
(2245 fsw). Over the next 5 years, both sets were installed, connected to
piping systems (of mild carbon steel), and tested sgainst certification
gtandards. Gas samples anal&zed during this period shovwed compliance with the
then existing standard (< 25 ppm total hydrocarbonS bué testing details are
unavailable. Other file evidence shows a controversy about detection .
methodology, 1.e. detector tubes vs. gas chromatograph. Yo comprehensive test
plan is evident in the records.

Tn August 16981 a saturation dive was aborted when diver-subiects reported
paint blisters bufsting on the inside of the chambér.and teieasing fumes. One
diver (a medical officer with a biocheﬁistry Ph.D.) sugpectcdﬁtha; the fuges
were probably ketohe. Mo systeﬁatic'analysis of that atmosphere was
performéd, and diver health was presumed not thréatengd because the depth was
éhaliow-enough to permit immediate surfacing. Later, thevsuapect'paint was
water blasted aﬁd touched-up, - Faulty initial pcinting of the chamber appeared
to te the problem. Samples of paint flakes were much thicker than called for
in original chamﬁer specifications.

Many chamber refurbishments and sub-saturation air (shor. exposure) dives

wére-pérformed over the next several years. About 6 spot samples of chamber

‘

LW

EE both gas chromatography and mass spectfometry.‘ Records of equilibration time,
gs sample ]ocation; chamber pressure at time of sampling, etc., were incomplete.
;; At one time or another benzene, toluene, xylenes, methvlethyl ketore,’

Zﬁ methylisobutvl ketone, diﬁethyl formamide, isopropyl alcohol, hexane, acetone,

.
v
A

"atwosphere were aralyzed during that time by commercial laboratories using

and refrigerant R-113 (C, C1, F,Y were reported in disturbingly high

concentrations. Several other unidentified ketones, alcohols, aromatica and

P
A :
) aliphatics were reported in levels > 0,1 ppm. No consistent pattern was
o : ' .
»y
. 3
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discernible either in the identification or quantity of chemicals but
concentrations of 0.5 to 50 ppm were_suspected. Duplicate samples .sent to
different laboratories préduced conflicting results. Similar disagreement had
been reported by NASA (Conkle, et al., 1970),

Suspected sources for the contaminants were too numerous to isolate the

-problem(s). One sample with a very Ligh isopropyl ‘alcohol level was later

determined to have been drawn through a pressure gauge line that "had a liquid

Y,

discharge when first opened". (This alcohol is commonly used in pressire gage

connections when the gage is cleaned and calibrated, but the calibration

o

ptécedures also specify solvent removal). A variable but high R-113 level was

&'
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reported; the highest from a large scuba Sottle used occasionally for
sampling. The bottle had been cleaned using a R-113 procedure at a time ﬁhen
an instrument to monitor those vapors was not available. Benzene, Xylenes,
and toluene were commonly found, but not in constant amounts. ,The chamber

‘ paint contained toluene and o-xylene as solvents, as did several adhesivés

used for many applicatioﬂs in the chamber and in a maintenance shop 20 feet

away. The shop was also used in off-hours for personnel to work on automobile

parts, including soaking parts in auto .fuel (unleaded gasoline contains many.

L)

Y

t§: aromatics). Many standard chamber items at that time (breathing masks, hoses,
L e : .
a . '
3;2 noise protector earmuffs, etc.) were constructed of rubber and plastic

materials. Once these materials had been exposed to solvent vapors, they

&
s
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%SE would serve as long term sources of contaminants by the well known but

;}; ifficult to predict process of pblymer gorption (Williams, 1970; Vind and
S?E Mathews, 1970).

EES Analytical Methods

Sﬁ% To solve the contamination problem, it was necessary to first establish
.jﬁ the actual nature and amount of chemicals in the chambera. Toxicology

E;f standards (Wands, 1968) provide upper limits to allowable compound: in the
% 4
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parts per million (ppn) range. Most instruments associated with diving
operations do not have nearly that high a sensitivity. Furthermore, the
toxicology standérds are interpreted as a partial pressure at 1 ATA
(atmospheres ahsolute) total pressure. To detect a contaminant with a room
pressure instrument drawn from a 100C fsw dive (31 ATAY, the instrument
reading needs a 31-fold correction to obtain the actual partial pressure.

One sirmple instrument availehle is the photoionization detertor (PID)
(Spain et al., 19R0) (Model PT 101, HNU Corp.). This device, soon to be
issued to the svbnarine fleet, has parts per million sensitivity to many
compounds. A lamp with well defired photon energy ionizes any ﬁolequles with
a sufficiently lov ionization potential (typically.IO.ZeV) and the ion curreﬁt
is amplified as output. Since the major background pases (02, N2. He) énd |
many contaminants that can reach high levels (002, Cﬂa, low alcohqls) do ?ot
ionize that easily, the device has low background; however, it has high
sensitivity for double bond and aromatic ring structures. The device is
simple to operate and regular use by enlisted men is possible. Tts single
channel output, hovever, makes interpretation impossible when multiple
contaminants are present. | | |

Complex mixtures are more easilv analyzed if the components can be
separated, thds'gas chromatography (GC) 1s a cormon technique. for almédestly
complicated mixture (e.g. a dozen compounds) whose identities are knowﬁ; GC
can be a sensitive (approximately 0.1 ppm) and precice (relative error < 107)
technirue. Tts drawbacks include the inabilitv ton {dentify unknown
}omponents, except by trial and error matching of elution times, and the need
for trained experienced operators.

Another available iastrument is the mass spectrometer (MS), This device
ionizes and fragments gas molecules and senses the molecular weight of the
fragments. Oualitative identification of the parent molecule is rather easily

5
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achieved by a skilled operétor. The difficulty increases greatly as the
number of compounds present increases although computerized  "1library" search
and match programs aids in the process. The instruments are difficult to
maintain and to use in a quantitative mode.

The best choice for messy samples is a hybrid gas chromatograph-mass

‘spectrometer (GC-MS). Fven complex mixtures can be separated by the GC into

sub-samples which the MS can identify. Not surprisingly, such an instrument

_1s expensive and difficult to operate and maintain. When the number of

components gets very large (100 or more) the prospects for total
1dentifica£ion diminish. For example, in samples of submarine atmouspheres,
several hundred goﬁpounds can.be found, most of which have not been identified
(Saalfeld and Saunders, 1979).

An additional processing step can be used when the expected
concentrations are quite low. Absorption of organic molecules on activated
charcoal or Tenax (Tenax is polymeric 2; é-diphenyl—p-phenylene oxide, sold
by Applied Science, State College, PA) can serve to concentrate the. |

contaminants when they are subsequently flash desorbed onto the GC (Rippstein

'and Coleman, 1983). Some quantitative precision is lost by the additional

processing steps, but sensitivity to *wellvbehaved" compounds can increase by
a factor of 100 or more.

fart of the overall analysis problem ¢oncerns the d?tails of gas
hancling. Tnstruments do not operate in the pressure chambers, so gas samples
must be brﬁught to the instrument. Cas movement through tubing, valves and
regulators, and storage in metal or plastic containers, can both add and
remove contaminants 1f extreme care 1s not exercised. Fvaluation of the
entire sampling and analysis process is a laborious but quite necessary step.

At the time the chamber problems case to light, none of the instruments
and procedures discu;sed above were available in-house. Advice and

6
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instruments had to $e sought clsewhere. The final uvquipment and procedures
development for a local contamination monitoring program will be presented in
another report.

Baseline Studies

R O MR R 2 O X R < O A S A A SO I R T B

Early in 1984 a systematic procedure was instituted to estcblish the
contamination status of the chambérs; All possible non-metal components were
removed and a complete inventory of remaining items was taken. Component
chambers were flushed wi;h high puritylheliun and held at s modest pressure
(35 to 100 fsw) for 7 days. The 3 chambers (designated "A", "D", and "R")
under study were kept isolated by pressure differences across inter-chember
doors and the contents mixed periodically by blowers in the 3 life-support
loops. Normal purification beds of a caustic scrubber Sodasorb (High
Perfqrnance\Sodasorb, Newey and Almy Chemical Pivision, W.R. Grace Cg..
Lexington, MA), a mixed alkali metal hydrnxide for CO2 removal, and Purafil
(Puxafil iI, Purafil Tnc., Aﬁlaﬁta, GA), a permanganate chemisorbant for
"odor‘removal" were deliberately omitted during this test.

Sanples were taken into aluminum cyiinders similar to those successfully

" used for long term storage by the National Bureau of 3tandards for Standard

Reference Materials (SRM) refe;ence'gases. These cylinders were said to be
valved and cleaned by the same procedures used for SRM cylinders. Iowever,
th« 2e sample cylinders were smaller than SRM cylindet and were later found to
be internally coated by an unidentified semi-solid tlack layer prcduced by a
different prepsration treatment by the m;nufacturer. Tn practice, the small
cylinders were found to exhibit a "memory" for previous gases in the cylinder,
presumably by adsorption to the interior surfaces. For their initf{al use
however, they were cleaned by heating under vacuum and thus false positive

information was not a problem. The cylinders were subsequently returned to




the supplier and replaced with stainless rteel cylitders.

Analyres were run cn a “C-MS gvatem at NRI. with a Tenar ahsorhent in a
lcni-quantitotivc mode. The analysis was not set to naxim‘lly recover all
gases present so resuits vere precise to within alout a factor of 3, - Also,
for the ficst tirme at this command, qualitv control ;f the analysis vas
attempted, DNuplicate cylinders of each sample and several conmerci;lly
purchanyd calibration gas samples vwere also submitted; ﬂll with only a
numerical identification. Table 1 suinariztn the results from the chamher
somples., Benzene, toluene and xylencs were the only gases found despite
running a Tong GC exposure. Duplicates agreed vithin ah~ut & flc;or of &,
Only one chamber secmed to have g benzene contaﬁlnation. An uttemptxts chegk
Qutgas-ing kinetics by comparinﬁ early samples wth those laken stter 3 and 7
days of incubation were frustrated by low precision.

Though thin test vas only partially successful at chn-actofir!na the
baseline status of the chamhers, srme information vas rained. 'rho level of-
total sromatfic hydrocarbons i{n D chamber cppéarei te exceed the 90-day lim{t
recormended for submarine atmospheres (MAVMAT 1976) and Zesired for lorg
saturation divea,

Decontamination

Rather than commit th» tiﬁaland reacurcen to veriry and furthgr quantify
contamination, a series of ateps war {nitiated to lower the amount of
hydrocarbons {n the entire ayater,

The most heavily contaminated waa chamber, D, the larpeat chamber by
virtue of the associated S50 féet? wvetpot., Chnmher n hn¢ the preateat problem
In paint adhesfon and cevera)l areasx had he'n covered with numerous touch-up

crats. The bolted toint connecting the main chamher and the wetpot had a



TABLF 1

1984 Chamber lnnlino Analyeis ‘
(all in ppm /v after depth correction)’

Sample location and

chamber depth Renrene Toluene © Xvlane(s)
Chamber A
day 0, 75 few - - -
day 7, 40 fgav 2.6 10.4 4.2
<2 2.7 3.6
Chamber D
day 0, 102 few - - - Lo -
. - <2 . < ?
day 3, 85 fev ' - 9.1 $.4
- ‘07 305
d.y 7' 56 f" - lloo 6"
' - 3.9 < 2
Chamber R
day 0, 7S fow - - -
- 2.1 ' -
day 3, SR few ' - - . -
' - < ? . < ?
day 7, 36 fuw < 2 < ?
< 2 < ?

- = no mnunblc reading

Motem: - 1. No gas added during exposure period,
2. Depth change during exposure due to gas losr from c]oned
rhambera,




recess that had been repeatedly spray painted to an unknown depth. These
puorly characterirzed paint layers vere suspected as a persistent scurce of
rolvent vapor.

- The applications of heat and vacuum were considered for chamber
decontamination. Since the chamber had many fittings designed t§ seat
propef]y when {nternal pressure exceeded nnhientf initial evacuation was
frustrated by a sequence of liaks that were 1n31§idu’11y found and then
remedied. A 760 1/min rotary vane pump (l.evhold-Feraeus model N30A) was
eventually required to achieve an evacuation to about 11.01 ATA. A vapor trap
of 1 liter of alumina was placed in-line to prevent oil back streaming.
Fvacuation continued for aﬁout one week., Heat agplication wae not very
extensive dve to limited available eouipment and concern over exceeding
thermal limits specified in the lyatcﬁ certification procedure. Initial gas
heating and pipe heating in the recirculation loops were all that could be
consistently used. Maintenance of several hﬁndrcd ggllon; of hot water in the
wet pot served at one point to demoﬂltrate tﬁe low hoiling point of nzo at
reduced pressurea,

Components, especially ruﬁbcr face masks agﬁ hoses, were also highly
suspect as solvent scurces, They would have ahaorhed and slowly released all
organic vapors over the course of an unknown history. To attempt removal of
sone of their contaminantne, the components were placed in a amall chamycr S
which had heen cleaned and found nenrlyvfree of organic vapor. 6ver the
course of af'Ieast 4 days the chamber was evacuated to less than ,001 ATA,

backfilled with pure M_ at about 40 psi for a day. and evacuated again,

?
Aruslysis was perfurmed on samples after a final 48 h cycle of pure gas

exposure,

10



Gas Purity on Saturation Dives

Three séturation dives of 7-21 davs duration were scheduled for aummer of
1984, Before the first dives began, ¢ final check of total svatem ﬁurity'was
performed. For this test the two chambers designated were equipped with &1l
the operational and eypefimental apparatﬁa that would he présent during the
dive. The chambers were tten flushed with bulk helium and held at
approximately 3-4 ATA for five davs., The chambers were again mixed using the
11fe support unit pumps without anv ahsorbents'in-line. After the exposure,
original and post-exposure gaseslwqre analvzed by a GC with a flame fonization
detector (?Tn). Unmarked calibration gas sarmples of about 10 ppm each of
benzene, toluene, and xylene were included in the ﬁampjes sent to NRL for
analysis., The calibration pases vere accur;tely identified. The chamber and
flurh pas samples were found to be free of those compéunds at g sensitivity of
about 0,5 ppm. However, R-11) reappeared in the chamber Qamp]es at <1 ppm.
The freon was again attributed to components recentlv cleared with that
sclviut. The chambers were deemed eafe for n?cupancy from a contamination
standpoint.

Special attention was pald to eomponenta used in chamber experiments,

For example, cardio-respiratory experimené; called for gas_bags. tubing,
mouthpieces. etc. that totalled several pounda of rubber, moatr of it asseﬁb]ed
hy adhesivea. To preveni aecondary cortamiﬁatinn n{ the chamber, none of this
equipment was permitted on the dive unlecs {t completed a s!vera{ day
cff-pasaing test. Most compenents apvc@rud satis¥actory in that tesat, hut
some oioctrical connections recently petted for watertight inteprity were not
allowed ‘n the chamber becausue of substantial emission of a mis. 4 solvent.
Desired components with an unavoidahle solvent were treated differentic.

These include electronde paste, adhesive tnﬁe. etc, éarples were first checked:
for of f-gassing te {dentify the volatile species. For a set of I¥YC electrodes

11




and their adhesives, toluene §nd iso-octane were found. Chamber use of
materials in this category was permitted in short time intervals. Flectrodes
were sent into the chamber immediately prior to experimental use and removed
immediately afterward.

A contamination surveillance program was maintained th?oughout the diQes.
Samples of chamber gas were checked with the PID daily. Since that instrunment
is quite seggitive to aromatic compounds.‘an equy recurrence of benzene oy
toluene problems could be detected. In fact, this PID showed no such problem
during ‘any of the three saturation dives. A number of samples were also taken
of chamber gas for GC/FID ;nalysis. Vith the striking exception described
iater, thesg sampleQ also appeared free of any hydrocarbons at 1 ppm or
greater.' |

Procedures dnring‘theldivea can reauce contaminants below the level found
in & prolonged unmannea exposure, Initially the gas should be rather clean
since bulk helium ana oxvgen are used. These gases tend to nrriye_from the
supplier after an 1ntriﬁsica1]y clean cryogenic separation process. ‘Buiid-up
of off-gaséiﬁg products from the chamber and equipment are partially diluted
" by the numerous air-lock runs and tests of eﬁergency gas supplies that result
in deliberate loss of chamber pas with clean replacemeﬁt. Also, a proprietary
"odor control" absorhent is used in the gas recirculation system. -

Contamination Incident

One experiment on the first of tﬁe 1984 saturation dives fZOO f aw)
required divers to exerciseiwhiie breathing a gas different from chamberbgas.
A diver-subiect exercising for 6 minutes on a statioﬁary bicycle while
breathinpg the teat gas bv face mask reported a "funnv taste", and hecame
dizzy, Other dive;s assisted him in reﬁoving the gas supply mouthpiece,

Within 30 minutes, a contaminated pas supply was suspected and all divers were

12




in an 1solated adjacgat chamber, ordered to don emergency face'maska, and
breathe from an emefgency gas supply.

‘The source of test gas in this experimeﬁt was a 1.7 cu ft cylinder. Tt
was owned by this Command hut had recently been sent to a gas supplier to be
cleaned and re—valvéd. Upon its return the cylinder-waa charged hefe with a
mixture of 5% oxygen in helium. Continuous measurement of 02 wvas performed
‘duriﬁg and again after mixing. A ﬁumber of other cylinders vere prepared and
charged the same way. No post-mixing analysis for hydrocarbons was performed
‘on any of these or other cylihders used for experiments.

When the 1nc1&ent occurred, the cylinder was closed and a PID reading
taken on the distribution header. The instrument showed a deflection
eﬁ#ivalent to about 20 ppm isobutylene in air, the local calibration gas. To
avoid thelin;trumenF aennitivity to background gas, the PID was recalibrated
with a benzene/helium mixture. The contaminated cylinder hed 5 ppm equivalent
of that gaa..Stcel sample cylinders vere sent to two other institutions having
a GC-MS capabilify. In the ncantiﬁe the gas was bled into a locai quadropole
mass Qpectrometer (UTT-100 C Analyzer) which had not previously been used to
identify unknown samples. Significant peaks were found at mass units 61, 97,
and 99.. Searching tabulated mass spectra (Cornu and Massot, 1975) and
conculting other chemists, a tentative identification of methyl chloroform was
achieved. Since the PID response to this compound was expected to be quite
low, and since the divers were exposed at 7-~fold increése in partial pressure,
their exposure was féar;d to be in the anesthetic range for ;he compouna,
about 2000 ppm, surface equivalent (Carchman et al., 1984). Analysis of
chamber pas showed a very low reading on the P'D, Because no sensitive way to
determine actual chamber levels of methyl chloroform was available, all

chamher gas was vented after the divers were moved to an adiacent chamber at
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the same Aepth. Divers were permitted to breathe chamber gas once it had all
been replaced six hours later.

Analysis of gas samples performed at two different laboratories confirmed
the major contaminant as methyl chloroforp at a level of about 250 ppm v/v,
Both labs also reported other contaminants. Onellﬁb suggested the presence of
dioiane,.but reported difficulties in confirmin~ the specific isomer present.
The other lab reported the presence of vinylidene chloride as well as aioxane.
Both of these compounds are found in industrial gradés of methyl chlorqform
(Saunders, 1965). .

The ﬁourcq of the probl?m wag traced to the cleaning vendor. The vendor

had been 1in the process of changing quality control managers at the time, and

vthe'solvent;(industrial methyl chloroform) had not been properly purged from 2

‘of the 13 cylinders that vere prdceséed. Medica] follow-up of the diver who .
inhgled the gas showed no evidence of liver of bone marrow toxicity. Rubber
components.that had been contaminants were discarded. The affected piping '
systems were flushed until.tesidual nethyl chloroform fell to < 10 Ppm at the
sfart of the next dive.
Conclusion

Chemical cpntaﬁination of manne< diving.systema is a recurring problem.
Incidents of gross contaminafion are probably under-reportea; long term low
level brohlems may be very common because detection programs are'non—éxistent
at most installations. Regulations only require a serious evaluation at
initial system certification, and even thiaAprocess can miss many problems.

Monitoring of chemical contamiﬂation at this facility has evolved with
11tt1e_gu1dance‘from existing Navy publications. Mistakes and changes of
direction were inevitable. Some lessons were learned quickly, such as the

importance of complete documentation of test conditions and the desfrability
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of clean habits over decontamination. Other lessons are learned more slowly,
such as how a believable and efficient surveillance program should be
conducted. A set of standérd procedures will be the subject of a subsequent
report. Knowledge of historical problems and their solutions can increase the

safety of all Navy hyperbaric chamber operations.
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