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Abstract
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heliox saturation diving. Diving and Hyperbaric Medicine. 2026 31 March;56(1):21-40. doi: 10.28920/dhm56.1.21-40.
PMID: 41875439.)

Introduction: This study reviews heliox saturation procedures used in offshore commercial diving and focuses on bell
excursion dives. It excludes initial compression and final decompression. Our first objective was to trace the history and
the reasons behind the successive changes that led to the current practice. Our second objective was to review the current
practice and identify problem areas and perspectives.

Methods: We first present the background of excursion diving and reference key procedures from the US Navy, Comex,
and international standards. We then review the procedures of 13 anonymised diving companies and compare their sources,
designs, and operation parameters.

Results: The current excursion procedures are derived from a few original procedures (US Navy, Comex). It appears that,
without relevant scientific support since the 1980s, companies have empirically adapted these procedures to their needs. Two
designs prevail: excursions from storage depth and excursions from the deepest depth. Recent innovations offer ‘standard’
and ‘extended’ excursions, sliding excursion windows, as well as shallow and deep excursions. Companies participating
in the study have a low risk of DCS with excursion diving. Excursions rarely produce immediate DCS symptoms but
associated bubble formation could impact the final decompression. The trend is towards reduced excursion distances and
explicit post-excursion intervals. Oxygen toxicity remains a general concern in saturation diving, but the PO, values used
in the procedures reviewed are unlikely to cause pulmonary toxicity according to the dose models in use.

Conclusions: We observed a trend towards harmonisation under the pressure of international standards and through
cooperation within industry association committees. We recommend scientific monitoring of saturation divers to measure
the decompression stress and support further research and development. We recommend that companies document their
procedural developments to record and thus keep the lessons learned.

Introduction

Saturation diving is commonly used in commercial
offshore diving.! We have previously reviewed the final
decompression procedures for commercial helium-oxygen
(heliox) saturation diving.? This work focuses on excursion
procedures.

Our first objective is to trace the historical background and
the reasons for the successive changes that led to the current
practice. Our second goal is to describe and evaluate this

current practice. We have contacted offshore commercial
diving companies involved in saturation diving and requested
that they provide their diving manuals for review. The
review of these company procedures has allowed us to 1)
identify their sources, 2) trace their evolution, 3) describe
their current practice, 4) estimate their safety performance,
and 5) identify problem areas and trends.

We have tried to provide written references in agreement
with scientific standards. However, much information
related to the development of commercial saturation diving
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procedures has not been published in the open domain. Non-
referenced information in this review should be considered
as the authors sharing their personal experiences. .

Background
UNITS

We have adhered to the units commonly used in diving
manuals:
e Gaspartial pressures are expressedinbar (1 bar=100kPa).
*  QGas fractions are expressed in percentages.
e While excursion distances and water depths hold the
dimension of length, they are conventionally measured
by pressure gauges (for instance, a pneumofathometer
or ‘pneumo’). For this reason, we use metres of
seawater (msw) to express water depth and bell
pressure (1 msw = 1.0197 kPa according to EN 13319).}
Our policy regarding unit conversion is:
*  When a company converted original values from feetof
seawater (fsw) to msw, we kept the msw values found
in the company manual, regardless of the conversion
factor used. Most companies use 1 fsw = 0.303 msw
according to the IMCA D 022 guidance note.* .
e For the US Navy (USN) instructions or the companies
that only use fsw, we have converted fsw into msw o
using 1 fsw = 0.30643 msw as specified in the USN
diving manual. .

BELL SATURATION EXCURSION PROCEDURE

During an excursion dive, divers are deployed from the

diving support vessel (DSV) to the worksite in a diving  *

bell (Figure 1):

e The bell is initially locked onto the saturation chamber
system. The divers are transferred under pressure (TUP)
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into the bell. Typically, two divers and a bellman occupy
the bell.

The bell is separated from the system (locked-off) and
lowered into the sea. When the ambient hydrostatic
pressure equals the bell pressure, the bottom door opens.
The divers don their gear and lock-out for the job, with
their umbilicals tended by the bellman. Divers may
intermittently return to the bell to collect tools or for a
rest period. At the end of their dive, the divers re-enter
the bell and remove their gear.

The bell lower door is closed and sealed by slight
overpressure. The bell is then lifted to the surface.
The bell arrives on deck and is clamped back onto the
chamber system (locked-on).

The bell is then decompressed to the chamber storage
depth, and the divers are transferred under pressure back
into the chamber system.

The following terms are defined in bell excursion diving:

Ascending (or upward) excursion: an excursion
shallower than the storage.

Bell run time: the time elapsed between the lock-off
and the lock-on times.

Combined excursion: an excursion deeper and shallower
than the storage depth.

Descending (or downward) excursion: an excursion
deeper than the storage depth.

Dive time: the time spent by a diver in the water.
Excursion: a dive or bell exposure at a pressure different
from the storage depth.

Excursion distance: the difference between the deepest
and the shallowest depths reached during the excursion.
Excursion window: the range of the excursion depths
defined from the excursion distance, allowing divers to
ascend and descend freely within these limits.

Figure 1

lustration of the sequence of events of a bell run

Beil at bottom.
Divers lock out to working depth

System at storage depth.

Bell clamped to the chamber.
Transfer under pressure of the
divers into the bell.
Preparation of bell lock-off
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*  Post-excursion interval: the minimum time following an
excursion before the next excursion can start.

* Pre-decompression hold time: the minimum time
after the last excursion before an intermediate or final
decompression can be initiated.

HISTORY OF SATURATION EXCURSIONS

The first excursion procedures were developed for
underwater habitats in the early 1960s. At that time, the
concept was to consider an excursion dive as a ‘bounce dive’
from the habitat. Scheiner and Kelly developed a matrix of
M-values from symptom-free excursions based on habitat
experiments. From this matrix, they designed a set of no-
decompression dives from various storage depths that could
be used along with repetitive dive interval procedures.’
During the Hydrolab project (Bahamas, 1970-1985), the
first undersea research habitat used by NOAA (US National
Oceanic and Atmospheric Administration), divers used
excursions requiring in-water decompression stops before
they could return to the storage depth (Figure 2). Hamilton
also developed a model for REPEX excursions (REPetitive
EXposure) based on conventional perfusion-limited gas
kinetics with eight compartments with half-times ranging
from five to 640 minutes. Ascent criteria were defined with
traditional M-values but with a reduced slope for storage

Figure 2
The dive slate of Dick Clarke, diver of Hydro-Lab, on 12 December
1974; he noted the information for an excursion dive from 42 fsw
to 200 fsw for a 60 min bottom time. The slate indicates stops to
be performed in water during the return to the habitat with a total
decompression time of 42 min (Courtesy of Dick Clarke)

5 T K XE S s
it TH Fo BN o So AN e '3 %
o Sn ot A W
, =t & rinoTE 4
£ fod o WS IS
i Ta { DME ptiMerE |
R R i 7
T, M B el G =
Fod (s " 24 '
U e ki 15
2 b s |
| TATIT AT T oidie e L
= } z
w & .*ilﬁl § rt’ - :.-- {""-\- .-'rl ﬂ'ﬁ:\: 3
st T | ! T8
, Lipcppes i
. ] | 1954
|
[ -I--Lln- ‘K-..*r_-_ﬁ‘_
. i

23

depths deeper than 70 fsw. The procedure used the number
of dives in the sequence and the time interval between dives
to compute a decompression penalty.

Miller compiled the experience gained with air and nitrox
vertical excursions from habitat projects.” The NOAA
OPS manual, published in 1975, included Hamilton’s
REPEX procedures computed for air and nitrox saturation
excursions.®

In 1969, the diving company Comex performed its first
saturation operations in the Gulf of Biscayne at a depth
of 100 msw. The Comex excursion procedures provided
varying bottom time limitations based on varying post-dive
intervals, called Ludion N/M. The term Ludion refers to
an ancient toy in which a figurine ascended and descended
in a water-filled glass tube. The term N/M represented the
combinations of a given bottom time and the minimum
post-excursion intervals. For instance, a Ludion 6/8 was
associated with six hours spent at the bottom depth, followed
by eight hours at the storage depth. Various combinations
of Ludions (6/8, 4/12, etc.) were listed for different storage
depths (Figure 3).

In 1974, the US Navy Diving Operations Handbook included
saturation excursions with no-decompression limits and
repetitive groups designation tables for helium-oxygen
dives.’ The 1977 revision contained excursion procedures
based on unlimited durations, which became the ‘Bible’ for
many diving companies working in the North Sea oil and
gas exploration.'”

REFERENCE PROCEDURES

Most commercial saturation diving manuals are based on the
US Navy and the Comex diving manuals. Other laboratories
(Royal Navy, Institute for Environmental Medicine, Duke
University, NUI) and past companies (Oceaneering, Taylor
Diving) have contributed to these developments.

Figure 3
Example of 6/8 and 4/12 Comex Ludions excursions
Ludion 4/12_>
<_'Ludi0n 6/8 >
4h| 12h
6h 8h. ¥ i
Storage . e
depth
Working Working
v depth depth
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US Navy excursion procedures

The USN Diving Manual has played a key role in the
development of the offshore industry. It shaped minds and
culture.

Bornmann computed the early US Navy helium oxygen
saturation excursion tables.!! The tables were tested by
Summitt et al. at the Navy Experimental Diving Unit in
1969.1213 In these studies, no DCS was observed following
1,126 descending excursion dives ranging from 15 to 45 msw
from storage depths ranging from 45 to 180 msw.

After the study of Barnard at the Royal Navy, the US
Navy resumed its work on excursion tables.'* The results
were published after an exhaustive study of more than 240
excursion ascents ranging from 66 to 300 msw."5 It formed
the basis for the US Navy tables presented in the 1977
revision of the US Navy diving manual.'® These tables
provided unlimited-duration excursions and covered the
depth range of 46 msw to 306 msw. They had significantly
larger excursion distances when compared to today’s
commercial practices (Table 1).

The revised excursion procedures were published
in the 1987 revision of the US Navy diving manual
Volume 2, which included excursions defined up to the surface
(Table 2). These procedures have remained unchanged since.

Comex excursion procedures

Comex was a leading diving company during the 1970s and
1980s. It conducted decompression research at its Marseille
hyperbaric centre and used a database to monitor and validate
its diving procedures until 1994.'¢

The 1986 Comex diving manual specified a fixed maximum
10 msw excursion distance, applicable to both downward and
upward excursions, within a 40 to 300 msw storage depth
range, with an eight-hour minimum post-excursion interval.
To enhance operational flexibility, this manual also included
Ludion excursions. They provided downward excursions,
limited to 30 msw distance, and based on the same eight-
hour post-excursion minimum interval (Table 3).

The 1994 Comex diving manual introduced standard and
extended excursions (Table 4). Company evolutions, such as
Stolt Comex Seaway and Acergy inherited Comex excursion
procedures.

INTERNATIONAL STANDARDS AND REGULATIONS

Three countries, France, Norway, and Brazil, have regulated
saturation diving with detailed specifications for ascent rates,
hold times, chamber PO, etc.

French saturation procedures

The 1992 revision of the French diving regulations was
associated with the publication of official air tables and
saturation procedures known as ‘MT92’.!7 These procedures
are the same as those presented in the 1994 version of the
Comex diving manual. The French diving regulations were
revised in 2019, but the saturation procedures remained
unchanged.”® They have been used since in France and
West Africa.

Norwegian saturation procedures

In 1984, the Norwegian Petroleum Directorate (NPD)
contracted Dr Hempleman from the British Royal Navy

Table 1
Limits for descending excursions published in the 1977 US Navy
diving manual; msw — metres of seawater

Table 2
Limits for descending excursions from a given storage depth
published in the 2016 US Navy diving manual rev 7; msw — metres
of seawater

Storage depth Ex'cursion Desc'ending Storage depth Ex.cursion Desc.ending
s distance excursion depth ) distance excursion depth
(msw) (msw) (msw) (msw)
46 23 69 15 14.1 29.1
60 25 85 30 17.8 47.8
90 30 120 45 20.5 65.5
120 35 155 60 233 83.3
150 39 189 90 27.9 117.9
180 44 224 120 31.6 151.6
210 49 259 150 35.2 185.2
240 53 293 180 38.6 218.6
210 41.4 251.4
240 441 284.1
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Table 3
Comex 1986 Ludion N/M excursions; the excursions were only permitted deeper than 40 msw and limited to downward excursions. The
minimum post-excursion interval was 8 hours; msw — metres of seawater

Maximum downward excursion depth

(msw)
Storage depth Maximum bottom time /
(msw) minimum interval

(hours)

2/8 4/8 6/8 8/8
45 70 63 60 58
60 87 79 75 74
90 120 110 106 105
120 150 142 138 136
150 180 174 169 167
180 210 207 202 200
Table 4

Comex 1994 standard and extended descending excursion limits from a given storage depth; the excursions are compared to those of the
2016 US Navy diving manual and expressed as fractions of the US Navy allowance; msw — metres of seawater; / — not defined

Comex standard excursions Comex extended excursions

Storage depth Excursion | Excursion % of Excursion | Excursion % of
(msw) distance depth US Navy distance depth US Navy

(msw) (msw) 2016 (msw) (msw) 2016
15 6 21 43 / / /
30 7 37 39 12 42 67
45 8 53 39 16 61 78
60 9 69 39 18 78 77
90 10 100 36 20 110 72
120 12 132 38 24 144 76
150 13 163 37 26 176 74
180 15 195 39 30 210 78

to evaluate the saturation procedures and organise an
international conference.!® The NPD then initiated a series
of meetings with participants representing the diving
contractors, unions, and employer representatives to agree on
the environmental threshold/dive parameters for saturation
diving. After assessing the practice of five diving contractors
operating in the Norwegian sector, the participants proposed
a common framework based on the most conservative
features.” The excursion procedures appear similar to those
outlined in the 1994 Comex standard excursions.

The work was published in an NPD report and referenced in
the first edition of the Norsok U-100 standards for manned
underwater interventions in 1999. Ascending and descending
excursions were based on storage depths (Table 5). These
limits have not been revised since and have remained in the
2023 revisions.?!

Risberg and Segadal recently published a report on
compression and excursion procedures in saturation diving,
comparing NORSOK U-100:2023 to selected international
reference procedures and a limited number of commercial

procedures.”? They concluded that empirical or experimental
data could not support the narrow excursion distances that
allowed for shallow saturation diving.

Brazilian saturation procedures

When deep operations began in the Campos field in the
1980s, Comex, which had completed two deep development
contracts in Bergen (Statoil 3DP and Norsk Hydro Oseberg),
brought along its Norwegian expertise and became highly
influential

The first national diving legislation was published in
1988. It closely aligned with North Sea standards and was
based on the 1994 Comex deep saturation procedures. The
Brazilian Navy then built a hyperbaric centre and validated
the procedures through a series of onshore dives before
they were first published in 1999 (Table 6). Brazilian diving
regulations (‘Normam-15’) are now available as Rev. 2,
2016.** Grounded in three decades of Brazilian deep diving
experience, they have become an international reference.
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Normam-15 2016 standard and extended excursion distances; the excursions are compared to those of the 2016 US Navy diving manual

Diving and Hyperbaric Medicine Volume 56 No. 1 March 2026

Table 6

and expressed as fractions of the US Navy allowance; msw — metres of seawater; / — not defined

Sample of the Norsok U100 2023 clause 13.4.2.4 listing maxirr?r:l:xfursion distances from storage depth; msw — metres of seawater
Storage depth As'cending De§cending
(o) distance distance
(msw) (msw)
40 to 59 8 8
60 to 79 9 9
80 to 99 10 10
100 to 119 11 11
120 to 139 12 12
140 to 180 13 13

Brazil 2016 standard excursions Brazil 2016 extended excursions
Storage depth Excursion | Excursion % of Excursion | Excursion % of
(msw) distance depth US Navy distance depth US Navy
(msw) (msw) 2016 (msw) (msw) 2016
15 3 21 21 / / /
30 6 36 34 15 45 84
45 8 53 39 16 61 78
60 9 69 39 18 78 77
90 10 100 36 20 110 72
120 12 132 38 24 144 76
150 13 163 37 26 176 74
180 15 195 39 30 210 78
DESIGN the US Navy defined as the last 48 hours. This deepest depth

In addition to the constraints aiming at controlling the
intrinsic DCS risk, we have identified five design concepts
that influences how instructions are used.

Design 1: Ludion excursions

The first excursions were computed with knowledge of the
70s, which referred to Haldanian algorithms.?” The concept
was to consider excursions as a no-stop, repetitive bounce
diving from the storage depth. According to these models,
varying distances and bottom times required varying post-
excursion intervals. This was the principle of the Ludion
excursions of the 1986 Comex diving manual.

Design 2: Excursion distances defined from the deepest
depth

The US Navy simplified the procedures by considering
unlimited-duration excursions that assume saturation at
excursion depth. The distance of the next excursion depends
on the deepest depth previously reached by the divers, which

becomes the entry point of the excursion table and sets the
ascending excursion depth independently of the storage
depth. This principle was first presented in the 1977 US
Navy diving manual.

Design 3: Excursion distances defined from storage depth

The deepest depth concept was adapted to make it possible
to define excursion directly from storage depth.

In 1986, Comex drastically reduced the excursion distances
to authorise the definition of the deepest depth over the last
eight hours. Since divers only perform one bell dive a day
and stay at storage depth for the rest of the time, the storage
depth becomes the deepest depth in all cases.

The storage depth replaced the deepest as the entry point of
the excursion tables, from which the limits for descending
or ascending excursion depths are listed. The Norwegian
Norsok U-100 procedures are a typical example of this
presentation (Figure 4).
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Figure 4 Figure 5
Principle of downward and upward excursions defined from the Principle of standard and extended excursions defined from storage
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Figure 6
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depth, showing the sliding excursion window
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Design 4: Standard and extended excursion distances

The 1980s marked the development of inspection,
maintenance, and repair jobs in the North Sea. Inspection
work requires divers to move up and down the platform
bracings, and the offshore construction managers discussed
the possibility of using higher excursion windows for
these specific projects. Comex revisited the concept of the

Ludion N/M excursions and replaced them with standard

and extended excursions (Figure 5):

e Standard excursions have moderate amplitudes (around
40% of the 1977 US Navy excursions). They can be used
without restrictions for routine operations, based on a
standard 12-hour post-excursion interval.

* Extended excursions provide higher amplitudes (around
75% of the 1977 US Navy excursion distance). They
are only allowed for downward excursions and require a
longer post-dive interval (16 h) to mitigate an increased
DCS risk.

Standard and extended excursions were first used as
special instructions onboard selected DSVs. Their safety
performances were monitored using the Comex database.?®
As no DCS incidents were recorded after three years of
evaluation, they were considered validated and finally
accepted based on their measured safety track records.
The Comex manual revision 1994 proposed standard and
extended excursions as options for excursions from storage
depth. The Brazilian Normam 15 procedures, derived from
these procedures, provide a typical example of standard and
extended excursions.

Design 5: Sliding excursion window

In the late 1990s, a new generation of large DSVs came to the
North Sea. These expensive and efficient DSVs can operate
on the spot market and move from one project to another.
The divers had to change the storage depth accordingly. The
diving companies requested flexible excursion limits to save
on intermediate storage depth changes.

The idea was to change the table entry to the excursion
deepest depth. Keeping the experience gained with standard
and extended excursions, this allows the excursion window
to slide between the downward and the upward limits of
excursions from storage depth (Figure 6). The principle
can be applied to both standard and extended excursions
(Table 7) and allow the divers to work above and below the
storage depth during the same bell dive.

COMPUTATION
The linear model
For the purpose of discussion, we have derived a simple

equation to compute excursion distances based on
Workmann’s M-Value.”” Considering a diver at pressure P,
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Table 7
Sample of sliding excursion distances for standard and extended excursions; msw — metres of seawater
Standard excursions Extended excursions
Deepest depth :
(msw) Excursion distance Shallowest depth Excursion distance Shallowest depth
(msw) (msw) (msw) (msw)

125 16 109 22 103
126 17 109 23 103
127 17 110 23 104
128 17 111 23 105

we seek the minimum pressure P, that the diver can reach

from this initial pressure. Assuming that:

e The diver is saturated at his initial pressure.

e One compartment is involved.

e The helium and oxygen gas tensions are equal to the
inhaled gas partial pressures (P, PO,), thus ignoring
the other metabolic gases and the effect of the oxygen
window.”

We have:

E1 P, = Py, + Po»

Using a safe ascent condition similar to an M-Value, defined
with coefficients A and B, it yields:
E2 PHe =Ax Pg + B

Combining E 1 and E 2 gives:
E3 P, =AxPy+ B+ Py

This allows expressing the upward excursion distance (AP)
as a linear function of P1:
E4 AP=P -P=(1-1)p + B

Asymmetry of ascending and descending excursions

According to Equation E4, the computation of excursion

distances from a given storage depth gives different results

for an upward or a downward excursion. The explanation
for this asymmetry is that:

* The P, values are different. One corresponds to the
excursion depth in a downward excursion, and the other
to the storage depth in an upward excursion.

* The inhaled PO, are different. For a downward
excursion, the starting PO, corresponds to the diving
mix (0.60 to 0.80 bar). For an upward excursion, the
starting PO, corresponds to the chamber atmosphere
(0.40 to 0.45 bar).

*  Anupward excursion follows a full saturation excursion
(divers have spent enough time to be saturated at the
storage depth), when a downward excursion only lasts
for 8 hours.

Asymmetrical excursions are presented in the US Navy 2016
manual. From a storage depth of 400 fsw (122.4 msw), the

upward distance is 93 fsw (28.4 msw) and the downward
distance is 105 fsw (32.1 msw).

Symmetrical excursion distances are sometimes proposed
to simplify operations. The Norsok standards provide
excursions from a 120 msw storage depth with symmetrical
12 msw distances above and below the storage depth.
However, these procedures are known to be very conservative.

Computation of US Navy excursions

In 1989, Thalmann published a series of excursion tests
that mentioned the historical development of the US Navy
excursions.*® The first excursion distances were initially
computed from a linear relation to depth, as derived in
the previous paragraph and illustrated in Figure 7. These
excursions can be computed using the following expression,
where UEXD is the upward excursion distance and D, is the
deepest depth, defined over the range of excursions.

ES UEXD = 0.136 D; + 13.8in msw

However, the extrapolation to greater depth proved to be
hazardous. In 1976, during the Comex Janus IV onshore
experiment, divers performed excursion dives from a
400 msw storage depth to 430, 445, 460, and 480 msw
working depths. An excursion to 480 msw corresponded to
the extrapolated US Navy excursion from 400 msw. One
diver presented severe inner ear symptoms after his second
excursion to 460 msw.

Thalmann reported that the excursions were later derived
from an empirical equation proposed by Behnke in which
the excursion distance is proportional to the square root of
the absolute ambient pressure:3' Thalmann further proposed
the following formula (where, again, where UEXD is the
upward excursion distance) that he used to generate the
upward excursion published in the 1987 and 2016 US Navy
diving manual revisions.*

E6 UEXD =0.5,/(101.6 D; + 3998) — 12.7in fsw

Computation of Comex excursions

The 1994 Comex diving manual revision presented standard
and extended excursions from storage depth, which were
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Figure 7
Diagram 14-5 as per 1977 US Navy Diving Manual, which illustrates the linear algorithm used to calculate the first version of their
unlimited-duration excursions in fsw
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computed using two linear expressions defined from 15 to
200 msw. The expressions for upward excursions are:
E 7 Standard excursions: UEXD = 0.050 D; + 6 in msw

E 8 Extended excursions: UEXD = 0.100 D; + 12 in msw
Methods

We have contacted 15 leading international companies and

invited them to participate in the study. The conditions

for participation were defined in a memorandum of

understanding, signed by the authors and each diving

company representative, stating that:

e The procedures could be used scientifically without
revealing the company name.

e The company could review the paper before submission
and retain the right to withdraw from the publication.

A total of 13 diving companies accepted to participate in the

study, which are presented below in alphabetical order along

with review dates for their procedure manual:

¢ Boskalis, Aberdeen, UK, manual rev 2024.

* DCN Diving, The Netherlands, manual rev. 2024.

¢ DOF Subsea, Perth, WA, manual rev. 2022-6.05.

*  Helix Well Ops, Aberdeen, UK, manual rev. 2024.

* K Subsea, Singapore, manual rev. 2021.

e McDermott, Houston, Texas, USA, manual rev. 2024

e Mermaid Subsea Services, Bangkok, Thailand, manual
rev. 2024.

¢ NDE Offshore, Dubai, manual rev. 2023.

* POSH Subsea, Singapore, manual rev. 2024.

¢ RockSalt Subsea, UK, manual rev. 2022.

e Shelf Subsea, Perth, WA, manual rev. 2023.

e Subsea7, Aberdeen, UK, manual rev. 2024.

e TechnipFMC, Aberdeen, UK, manual rev. 2024.

The companies have been de-identified and randomly
mentioned as company A, company B, etc., and their
associated excursion procedures are designated as procedure
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A, procedure B, etc. These company procedures have been
compared to US Navy 2016, Comex 1994, France MT92,
Brazil 2016, and Norsok 2023 saturation procedures,
considered references. It should be noted that the authors
only reviewed the diving manuals provided. Some
information they considered missing or not documented
could be elsewhere in the company documentation.

Results

The extraction of relevant data from US Navy 2016,
Comex 1994, France MT92, Brazil 2016, and Norsok 2023
saturation procedures, and participating company manuals
are presented in Tables 8—12.

Discussion
DCS INCIDENCE

Van Liew and Flynn stated that vertical excursions are
associated with a threshold for clinical DCS, and this
threshold depends on depth.>* Companies do not share
this information, and we did not request it from those
participating in the study. It is thus difficult to evaluate
the incidence of DCS associated with modern saturation
excursion dives. What is known from various sources is
presented below.

Comex database

Comex diving operations were recorded in the Comex
database from 1977 to 1994.'¢ Two DCS cases were reported
immediately after returning from an excursion dive using
the early versions of the Comex procedures (Table 13). At
that time, the company averaged 1,000 men x saturation per
year, corresponding to approximately 20,000 bell dives. The
Comex database contained only two cases of DCS reported
immediately after the bell excursion dive, presenting with
typical inner ear symptoms. The database also established
an overall incidence of DCS reported during or after final
decompressions of 0.54% over the same period. They are all
related to pain-only symptoms.>** It is difficult to evaluate
the impact of excursion dives on the final decompression,
but acute DCS symptoms presenting immediately after an
excursion are rare.

Seaway Hades database

Seaway developed the Hades database to monitor their diving
operations.*> In 1978, the results published for saturation
decompressions indicated an overall DCS incidence of
0.83% (2,662 exposures, 22 DCS). All cases presented as
articular pain in the last part of the decompression. The
publication of the Hades database did not document any
DCS cases presented after an excursion dive.

Norwegian Ocean Industry database

The only diving database covering offshore commercial
diving is maintained by Havtil (Norwegian Ocean Industry
Authority), previously PSA (Norwegian Petroleum Safety
Authority). This organisation has been collecting and
publishing safety records since 1990.¢ The cases are all
recorded in the Norwegian sector and, therefore, associated
with diving procedures that comply with Norsok standards.
The latest DCS reports in saturation diving were filed in 1993
and 2002. No case was identified as being directly related
to an excursion dive.

North Sea incidents in the 1990s

During the 1990s, several DCS cases occurred in the
North Sea following excursions compliant with US Navy
procedures. The authors are aware of four of these cases
(Table 14). Unfortunately, we have no further details about
these incidents, such as the history of previous excursions,
intervals, or other relevant information.

Due to these and possibly other incidents, the diving
supervisors of some DSVs set rules to restrict excursions
to a fraction of the maximum permitted US Navy distances.
These rules were later implemented in diving manuals of
North Sea companies as policies for selection of excursion
distances (Table 15). These precautions have played an
important role in reducing the DCS risk, as we have remained
unaware of any similar incidents since.

Decompression stress

Today, DCS has become a rare event in saturation diving,
and the incidence of DCS is no longer a relevant endpoint.?
The concern has shifted to a broader approach based on the
decompression stress mentioned by Brubakk et al.¥’ This
stress includes the effects of bubbles but also the cumulative
effect of the oxidative stress associated with diving and
decompression.’® Saturation divers may perceive this
decompression stress as ‘decompression fatigue,” Diagnosing
DCS remains difficult, potentially leading to underreporting
in the commercial diving industry. The decompression stress
related to saturation diving and its subsequent physiological
effects can only be evaluated through comprehensive
monitoring of the diver, both clinically and with non-invasive
para-clinical methods.* Our experience is that divers’
monitoring, which is part of the Undersea and Hyperbaric
Medical Society recommendations, brings valuable support
to the evolution of procedures.***!

VENOUS GAS EMBOLI

VGE are commonly observed after asymptomatic dives
using ultrasound Doppler or cardiac imaging. Although
VGE are not predictive of DCS for a given diver, there is
a positive association between the occurrence of VGE and
the incidence of DCS.#
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Table 8
Excursion procedures design, options, and recommended use; msw — metres of seawater

Deen Working Allowance Limitations
Procedures Source depth or extended of deep

concept . q

range (msw) excursions excursions
US Navy 2016 Deepest depth 0-306 No No
Comex 1994 Storage depth 10-210 Yes N/A
France MT92 Comex Storage depth 9-210 Yes N/A
Brazil 2016 Comex Storage depth 14-350 N/A No
Norsok 2023 Storage depth 14-180 No N/A
Company A Comex Sliding window 14-200 Yes N/A
Company B US Navy Deepest depth 0-305 N/A N/A
Company C Comex Storage depth 15-300 Yes Yes
Company D US Navy Deepest depth 12-305 No No
Company E US Navy Deepest depth 18-305 No No
Company F Comex Sliding window 10-350 Yes Yes
Company G US Navy Deepest depth 14-300 No No
Company H US Navy Storage depth 10-305 No No
Company I US Navy Storage depth 14-300 Yes No
Company J US Navy Storage depth 0-305 No No
Company K US Navy Storage depth 0-306 No No
Company L Comex/US Storage depth 8-200 Yes N/A
Company M US Navy Deepest depth 14-306 No No
Table 9

Excursion operational characteristics; (1) — diving mix defined as PO, 0.60-0.80 bar for extended excursions; (2) — PO, 0.9 bar accepted
in exceptional situations; (3) — chamber PO, controlled between 360 and 400 mbar when deeper than 180 msw; / — not defined; min —
minute; msw — metres of seawater

Storage Diving mix Divers max Bell decomp
Procedures PO, PO, ascent rate rate
(bar) (bar) (mswmin') (msw'min')

US Navy 2016 0.44-0.48 0.44-1.25 18 18
Comex 1994 0.40-0.42 0.50-0.80 15 10
France MT92 / / / /
Brazil 2016 / / 10 /
Norsok 2023 0.40-0.50 / 10 /
Company A 0.40-0.44 0.60-0.80 10 10
Company B 0.35-0.50 0.60-0.80 20 20
Company C 0.38-0.42 0.60-0.70 (1) 10 10
Company D 0.37-0.43 0.60-0.80 10 5
Company E 0.38-0.42 0.70-0.8 (2) 18 18
Company F 0.38-0.42 (3) 0.60-0.80 10 10
Company G 0.38-0.42 0.70-0.90 18 18
Company H 0.44-0.48 0.60-0.90 18 18
Company I 0.40-0.45 0.60-0.80 18 18
Company J 0.35-0.45 0.50-0.80 9 9
Company K 0.37-0.43 0.60-0.90 18 18
Company L 0.40-0.42 0.50-0.90 9 12
Company M 0.38-0.42 0.60-0.90 10 10
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Table 10
Post-excursion minimum time intervals; (1) — 12 h after an extended excursion before a standard excursion, 24 h between two extended
excursions; (2) — 0 h after a standard excursion, 12 h after an extended excursion; (3) — 15 h after a maximum descending excursion of
a standard ascending excursion, 24 h after a maximum ascending excursion; (4) — 4 h when shallower than 80 msw storage depth, 8 h
when deeper; (5) — 6 h for a final decompression, 2 h for an intermediate decompression; / — not defined; min — minute; msw — metres
of seawater; N/A — not applicable

Excursion Standard Extended Deep Pre-
Procedures ost-interval excursion excursion excursion decompression
P (hours) post-interval post-interval post-interval hold

(hours) (hours) (hours) (hours)
US Navy 2016 48 N/A N/A N/A 0
Comex 1994 / 0 12-24 h (1) N/A 0-12 (2)
France MT92 N/A 0 12 N/A Oor 12
Brazil 2016 / 12 48 / /
Norsok 2023 N/A N/A N/A N/A 8
Company A N/A 12 16 / 8
Company B 12 / / / 8
Company C N/A 12 16 12 8
Company D / / / / 6
Company E / / / / 8
Company F N/A 12 16 12 8
Company G / / / / 6
Company H / / / / 6-2 (5)
Company [ N/A 12 12 / 8
Company J / / / / /
Company K / / / / 4t08(4)
Company L N/A 12 15-24 (3) / 8
Company M / / / / 8

Table 11

The permitted standard descending excursion distance (msw) for typical storage depths for companies using standard and extended
excursion tables; / — not defined; msw — metres of seawater

.. Storage depth (msw)

Organisation

15 30 60 90 120 150 180 210 240
US Navy 2016 14 18 24 28 32 35 39 42 44
Comex 1994 6 7 9 10 12 13 15 / /
France MT92 6 7 9 10 12 13 15 / /
Brazil 2016 3 6 9 10 12 13 15 15 15
Norsok 2023 1 6 9 10 12 13 13 / /
Company A 6 9 12 15 18 20 20 / /
Company C / 8 10 13 15 18 20 15 15
Company F 6 9 12 15 18 20 20 15 15
Company I / 14 18 21 24 27 29 31 33
Company L 3 6 8 13 15 17 / / /

Arterial and venous bubbles were observed in the six

monitoring subclavian VGE one hour after descending
divers following ascending excursions from 300 msw to  excursions from 37 to 45 msw. No bubbles were detected.*
250 msw during the NUI Deep Ex I experimental dive.*#
It must be noted that these detections were related to deep
excursions largely exceeding the distances presently used
in commercial diving. We recently reported findings from a

study of commercial divers in the North Sea Danish sector,

Based in large part on the strong association between inner
ear DCS and patent foramen ovale (PFO), Doolette and
Mitchell proposed a model of inner ear DCS based on
shunted arterial bubbles reaching the inner at the time the
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Table 12
The maximum permitted descending excursion distance (msw) for typical storage depths, for companies using extended or maximum excursion
tables; companies using US Navy excursion procedures are listed as using maximum excursions. / — not defined; msw — metres of seawater

Organisation Storage depth (msw)

15 30 60 90 120 150 180 210 240
US Navy 2016 14 18 24 28 32 35 39 41 44
Comex 1994 / 15 18 21 24 27 30 / /
France MT92 / 15 18 21 24 27 30 / /
Brazil 2016 / 15 18 20 24 26 30 30 30
Norsok 2023 / / / / / / / /
Company A 6 9 12 15 18 20 / / /
Company B 14 18 23 28 31 35 38 41 44
Company C / 10 13 17 20 24 27 / /
Company D / 17 23 28 31 35 38 41 44
Company E / 14 17 21 24 26 29 31 33
Company F 9 11 16 21 25 30 / / /
Company G 14 18 23 28 31 35 38 41 44
Company H 14 18 23 28 31 35 38 41 44
Company I / 18 23 28 31 35 38 41 44
Company J / 18 24 28 32 35 38 41 44
Company K 14 17 23 28 31 35 38 41 44
Company L 6 12 17 21 26 30 35 / /
Company M 0 18 24 28 32 35 39 41 44

Table 13 Table 14

Decompression sickness (DCS) cases presenting immediately
after returning from a bell excursion dive reported in the Comex
database; msw — metres of seawater

Decompression sickness (DCS) cases reported in the 1990s, in the
North Sea, immediately after the return to storage depth from an
excursion dive; msw — metres of seawater

Working Distance Storage
Year depth depth DCS
(msw)
(msw) (msw)
1984 40 10 30 Inner ear
1985 137 20 117 Inner ear

local tissues are supersaturated. They assumed that this
situation causes inward gas diffusion and bubble growth.*
In a second publication, the authors reviewed inner ear
DCS cases observed during the US Navy excursion trials
and various deep diving experiments.*® They modelled
the survival of microbubbles reaching the arterial side and
concluded that arterial bubbles have longer survival times at
higher pressures and are more likely to reach the inner ear
in larger numbers and sizes. This was used to explain the
differences observed in bubble measurements between deep
excursions and standard commercial excursions.

The data listed in their paper indicate that VGE are detected
during the excursion time in an upward excursion and during

Working | Storage | Excursion
Year depth depth distance DCS
(msw) (msw) (msw)
1992 146 126 20 Inner ear
1994 78 56 22 Inner ear
1997 131 114 17 Inner ear
2000 93 76 17 Inner ear

the post-excursion time in a downward excursion. It can be
expected that a working diver (hyperventilation, muscular
effort) is more likely to open a PFO or intrapulmonary
arteriovenous anastomoses and shunt arterial microbubbles
than a diver returning to storage depth for a shower and
dinner. This could explain why upward excursions have a
bad reputation. Companies sometimes recommend planning
work with a downward excursion rather than an upward one
in their diving manual. The authors admit that they have no
data to support this sort of policy.
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Table 15
Policies developed by companies referring to the US Navy
excursion procedures

Recommendation for the
use of US Navy excursion
distances

Company

The maximum operating
excursions should not
be considered as a normal
operational procedure.

Company B

An optimum operating
range (50% of the excursion
table values) for maximum
descending and ascending
distances is preferable
wherever
diving operations permit.

Company D

Maximum upward excursions
to
the limit of the tables shall not
be carried out except for light
inspection work.

Company G

Upward excursions should be

Company H limited to 75% of the distance.

Modelling VGE during excursion dives

Van Liew and Burkard developed a model that Flook
used to predict the volume of VGE gas produced after
decompression in man.*” This bubble growth model was
calibrated using actual VGE measurements and allowed the
estimation of the volume of the bubbles produced during a
saturation profile.* The model confirmed that the duration
of the post-excursion interval influences bubble growth
during the following decompression, particularly after
high-distance excursions. Flook concluded that the current
excursion distances were unlikely to cause DCS but that
combining excursions and the final decompression could
generate a population of residual bubbles responsible for
late DCS symptoms.

In 1989, Thalmann published the results of a series of
tests that led to the revision of the US Navy excursion
procedures.’® Fifty divers performed 164 man-excursion
dives during nine saturation experiments. During these
tests, nine cases of joint pain occurred, which occurred
eight hours or more into the saturation decompression. This
seems to confirm Flook’s theory, according to which bubbles
remaining from the last bell excursion dive could provoke
DCS symptoms during the final decompression (Figure 8).

Present commercial saturation diving procedures are not
expected to cause DCS during or immediately following

Figure 8
Schematic illustration of Flook’s theory according to which
bubbles produced after an excursion could interfere with the final
decompression

Final decompression

Decompression

hold
VGE

Excursion
from
storage
depth

Depth Time

excursions. However, it is suspected that bubbles produced
after the excursion dive could increase the DCS risk during
the final decompression. The specification of a minimal post-
excursion interval and pre-decompression hold is designed
to mitigate this risk.

OXYGEN TOXICITY
Role of oxygen in excursions

The inspired PO, sets the inert gas gradient, which in turn
influences gas exchange. Although raised PO_s allow larger
excursion distances, high oxygen levels generate reactive
oxygen species that interfere with cell functions. While
central nervous system toxicity is usually not a concern
in saturation diving, pulmonary toxicity (POT) can be a
limiting factor.

The PO, during an excursion dive must be balanced between:
A lower limit based on the physiological demand, safety,
and permitted excursion distance (Equation 4).

An upper limit based on oxygen toxicity in general and
POT in particular.

Pulmonary oxygen toxicity

Divers may experience POT if exposed to hyperoxic
breathing gas for prolonged periods.” It is challenging to
isolate the effects of hyperoxia from those caused by other
mechanisms, such as immersion and high pressures, since
many factors are known to affect pulmonary function after
dives.” Most experimental studies on POT have focused
on the effects of relatively short-lasting exposures to PO,
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exceeding 1 bar.>® However, the effects of long-lasting
exposure to low PO, (PO, < 1 bar) are less known. Thorsen
et al. measured pulmonary function after a dry 28-day
helium-nitrogen-oxygen saturation dive to 15 msw with a
PO, of 0.4 bar in the bottom phase, followed by intermittent
exposures to PO, = 0.75 bar. The PO, was 0.5 bar during
the decompression phase.> They reported a temporary
10.6% reduction in transfer factor for carbon monoxide
immediately after the dive, but a permanent 9.3% reduction
in mid-expiratory flow volumes (FEF,, .., ), persistent for
three years after the dive. The low breathing gas density
(1.6 g'L'') and dry exposure suggest that hyperoxia rather
than respiratory work or immersion caused the small-
airway dysfunction. Suzuki reported a 4-13% decrease in
pulmonary carbon monoxide diffusion capacity (DLCO)
immediately after saturation dives to 300 and 320 msw
lasting 14—16 days with an inspired PO, of 0.42 bar during
the bottom phase and 0.5 bar during decompression.**

Thorsen etal. also demonstrated that cycling the inspired PO,
between 0.3 and 0.5 bar during saturation decompression has
a protective pulmonary effect, as no change in pulmonary
function was observed following a 19-day experimental
saturation dive with this decompression procedure, despite
intermittent hyperoxic exposures to PO, = 0.7 bar in the
bottom phase.>*

These findings suggest that the increased constant PO,
during saturation decompression, rather than the intermittent
hyperoxic exposures during excursion dives, has the greatest
impact on pulmonary function following saturation dives
with PO, levels similar to those practiced in commercial
saturation diving. From the data collected in Table 9 we
would not expect the excursion PO, values used in the
excursion procedures listed in this work to cause clinically
relevant POT.

Evaluation of the oxygen toxicity dose

The divers’ tolerance to pulmonary oxygen toxicity
is difficult to measure and predict.” Because of their
simplicity, the industry approach has traditionally managed
exposures using the units of pulmonary toxic dose (UPTD)
or oxygen toxicity unit (OTU).>

Recent advances suggest that divers’ occupational hyperoxic
exposure during surface-oriented diving is best monitored
using the ‘equivalent surface oxygen time’ (ESOT) concept
rather than the UPTD terms previously used.’” However, the
ESOT concept is not designed for saturation diving.

Arieli has proposed a hyperoxic exposure monitoring system
applicable for saturation diving.®® The model has not been
validated, and the kinetics of POT development and recovery
during and after saturation remain unresolved.
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Oxygen in the diving mix

The current saturation procedures result from successive
empirical adjustments that have progressively reduced the
excursion distance while keeping the PO, specifications. The
current oxygen specifications for the diving mix may exceed
what is needed for the excursion distances.

We note that company C has restricted the diving PO, range
to 0.60—0.70 bar for their standard excursions, which only
authorise moderate excursion distances. Scientific work
would be required to adjust the PO, levels in the current
excursion procedures.

OPERATIONAL HAZARDS

The risk for a diver during a bell excursion dive is to exceed
his permitted excursion envelope. We are aware of three
typical incidents:

* A diving support vessel operating two bells back-to-
back (continuous presence of divers at the bottom). A
diver from the second bell locked out, and his umbilical
was caught by the first bell when it started its ascent.
The diver was pulled off his limits until the first bell
ascent was finally stopped.

* A combined divers and ROV operations at shallow
depths. The ROV caught the diver’s umbilical in its
tether and lifted him outside his excursion limits by a
few metres.

e Divers lifted off the seabed by clump weight. Divers
were at work at 42 msw with storage depth at 34 msw.
The taut wire winch was activated to recover the system
from the seabed and caught the divers’ umbilicals.
Divers were lifted to 13 msw (29 msw upward distance).
No signs or symptoms were reported, but divers were
given five cycles of therapeutic gas and rehydrated as
a precaution.

The potential consequences of these degraded conditions
must be evaluated on a case-by-case basis. Divers may not
present immediate and detectable DCS symptoms. The
contingency procedure is generally to abort the bell run and
keep the diver under observation. Severe violations of the
excursion limits may require additional hyperbaric oxygen
breathing. In such situations, the 1977 US Navy excursion
limits provide practical guidelines because they indicate ‘what
has been done before,” which helps ‘calibrate’ the situation.

TRENDS

We have observed discrepancies between procedures,
primarily due to their historical development. However, as
discussed during the DMAC 2014 meeting in Aberdeen, we
do have sufficient data today to conclude the consequences
of these differences on the divers’ health.* We also observe
the harmonisation of the procedures.
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Figure 9
Plot of the excursion distance versus the excursion start depth using the standard descending excursion tables; msw — metres of seawater
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Figure 10
Plotofthe excursion distance versus the excursion start depth using the extended or maximum descending excursion tables; msw—metres of seawater
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Reduction of excursion distances (70-75% of the 1977 US Navy distances) for exceptional

situations (Figure 9 and Figure 10).

The US Navy excursion procedures that once ruled the

offshore diving industry are now considered the upper limit ~ Another mitigating procedure has been the introduction of

of what can be done. standard excursions, which further reduced the excursion
distances for routine operations (Table 16).

A consensus seems to have emerged on using moderate

excursion distance (40-60% of the 1977 US Navy distances)

for routine operations and keeping Extended excursion
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Table 16
Standard excursion distances expressed as fractions of US Navy
diving manual 2016

Company % of 2016 US Navy distances
Comex 39-43%
Norsok 37-38%
A 43-57%
C 44-52%
F 43-57%
L 21-49%

Extension to shallower depths

The performance of modern diving DSVs has permitted
saturation divers to operate at depths that once were the
domain of air diving. The excursion procedures have been
extended to shallow waters, up to 14 msw storage depth,
or even shallower (Table 8). The US Navy diving manual
2016 rev. 7 proposes a direct excursion ascent from 29 fsw
(8.9 msw) to the surface.

On the one hand, shallow excursions allow adapting to
emerging markets, such as wind farm installations, and
permit filling the planning of DSV with saturation projects.
On the other hand, excursion dives from shallow storage
depths are challenging to plan because of operational issues.
The bell standoff frame distance or even the hull clearance
limits the access. Swim lines must be installed to help the
diver stay within his narrow excursion window (4 msw at
14 msw). The influence of swell and waves perturbs the
operations.

The problem is to define a computational algorithm
that could optimise these shallow excursions. It must be
noted that saturation excursions cannot be extrapolated to
hypobaric exposures or space extra-vehicular activity. It
can be assumed that at low ambient pressures, Boyle’s law
becomes predominant and activates more complex bubble
scenarios. The analysis of new experiences and the review
of new theoretical models are required.

Extension to deeper depths

In the 1990s, Brazilian diving operations in the Campos
field provided the industry with a large-scale deep-diving
experience.? It was then observed that deeper than 200 msw,
the rapid pressure change associated with excursion dives
could induce high pressure neurological syndrome (HPNS)
symptoms, essentially hand tremors. As a precaution, the
excursion distances were reduced to 15 msw to control
HPNS when diving deeper than 200 msw. This feature
was later incorporated into the Brazilian diving regulations
Normam-15/DPC edition.*

Deep diving has remained limited outside the Brazilian
Campos field. However, there have been few occasions
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for diving deeper than 200 msw in Libya and the eastern
Mediterranean over the last decade. Companies A, C,
and F have designed original deep excursion procedures with
reduced excursion distances to control HPNS.

Harmonisation of the minimum post-excursion interval

The companies have different practices regarding the
post-excursion interval. Several diving manuals reviewed
(Companies D, G, H, J, K, M) did not specify a minimum
interval between bell excursion dives. Their operations are
based on one team performing one daily excursion, which
implicitly ensures a minimum 12-hour interval between
dives. All the other diving manuals stipulate a minimum
12 hours post-excursion interval for a standard excursion.

For extended or maximum excursions, this post-dive interval
is set to 16 hours for three companies (Companies A, C, F).
Considering an eight-hour bell run time, this pattern still
fits into a 24-hour cycle. Company L uses longer post-dive
intervals for maximum excursion (15-24 h).

Harmonisation of the minimum pre-decompression hold

The Norsok standards first introduced the pre-decompression
hold as a minimum time interval defined after the last
excursion dive before the divers can start a final or
intermediate decompression. As documented in a previous
publication, this hold is now harmonised to eight hours.?
However, one company does not specify this hold
(Company J). Two others use six hours (Company G) or two
hours (Company H). This last value is used as an extension to
the US Navy diving manual rev. 7 rule (paragraph 13.23.3),
which specifies a two-hour hold after an upward excursion
at a depth shallower than 60 msw.

Conclusions

We have reviewed the history of excursion diving and the
procedures of 13 companies involved in heliox saturation
diving.

The comparison of these excursion procedures shows that:

e Current saturation procedures are derived from the US
Navy and the Comex procedures.

*  Diving companies have since empirically modified these
procedures according to their needs. This explains the
differences observed in the excursion distances and
presentations.

e  DCS associated with bell excursion dives has become
a rare event.

The review reveals that:

e Companies are moving towards reduced excursion
distances for routine operations.

* Companies seek higher flexibility to manage modern
DSVs. This is illustrated by the recent introduction of
sliding excursion windows or shallow excursions.
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We believe that saturation excursion procedures will
continue to evolve. Scientific research must support this
evolution. Scientific monitoring of saturation divers permits
measuring the decompression stress and supporting further
excursion evolution. We recommend that companies
document their procedural developments to record and thus
keep the lessons learned.
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