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GLOSSARY OF TERMS AND ABBREVIATIONS
BaSO4

Barium sulphate

BOP

Blowout preventer

CCTV

Closed-circuit television

CH4

Methane

DPA

Designated person ashore

G.O.C.

General Operator‟s Certificate

H2

Hydrogen

H2O

Water

H2S

Hydrogen sulphide

IBC

Intermediate bulk container

IBC Code

International Code for the Construction and Equipment of Ships
Carrying Dangerous Chemicals in Bulk

IMO

International Maritime Organization

INTERTANKO
-2

International Association of Independent Tanker Owners

Kg cm

Kilograms per square centimetre

kW

Kilowatts

LEL

Lower explosive limit – the concentration of a hydrocarbon gas in
air below which there is insufficient hydrocarbon to support and
propagate combustion

LR

Lloyd‟s Register of Shipping

m

metres

3

m

cubic metres

3

m hr

-1

cubic metres per hour

mm

millimetres

MARPOL Convention

International Convention for the prevention of Pollution from
Ships, 1973, as modified by the Protocol of 1978 relating thereto

MEPC

Marine Environmental Protection Committee

mg l

-1

milligrams per litre

mS cm-1

milli Siemens per centimetre

MSDS

Material Safety Data Sheet

MSIU

Marine Safety Investigation Unit

MT

Motor tanker

mt

Metric tonnes

mt m-3

Metric tonnes per cubic metres

NaOH

Sodium hydroxide

NLS

Noxious Liquid Substance

vi

O2

Oxygen

OCIMF

Oil Companies International Marine Forum

OSV

Offshore support vessel

PH3

Phosphine

P2H4

Diphosphine

P4O10

Phosphorus pentoxide

ppm

Parts per million

P/V valves

Pressure/vacuum relief valves – a device which provides for the
flow of the small volumes of vapour, air or inert gas mixtures
caused by thermal variations in a cargo tank

Resolution A.673(16)

Guidelines for the Transport and handling of Limited Amounts of
Hazardous and Noxious Liquid Substances in Bulk on Offshore
Support Vessels

Resolution MSC.236(82)

Adoption of Amendments to the Guidelines for the Transport and
handling of Limited Amounts of Hazardous and Noxious Liquid
Substances in Bulk on Offshore Support Vessels

RMG

Residual Marine Grade. A grade of residual fuel, which meets the
specifications of ISO 8217:2010 (F)

ROB

Remaining on board

rpm

Revolutions per minute

STCW Convention

International Convention on Standards of Training, Certification
and Watchkeeping for Seafarers, 1978, as amended

SG

Specific gravity

SOLAS

International Convention for the Safety of Life at Sea, 1974, as
amended

Type 2 product/chemical
carrier

A chemical carrier intended to transport chapter 17 products with
appreciably severe environmental and safety hazards which
require significant preventive measures to preclude an escape of
such cargo

UEL

Upper explosive limit – the concentration of a hydrocarbon gas in
air above which there is insufficient oxygen to support and
propagate combustion

vii

SUMMARY
On Friday, 30 August 2011, at about 1545, an explosion occurred in one of the cargo
tanks of the Maltese registered motor oil / chemical tanker Mar Cristina. The vessel
was moored alongside the terminal of Oleon Scandinavia AS (previously Jahre
factories) at the former whaling inland port of Sandefjord in Southeast Norway. The
vessel was due to commence loading operations. The loud explosion was heard from
the nearby town of Sandefjord.
There was no fire on board but the vessel suffered severe structural damage. The
force of the explosion inside cargo tank no. 2 port, deformed and ruptured adjacent
bulkheads to cargo tanks nos. 1 port, 2 starboard and 3 port. The longitudinal
bulkhead in way of water ballast tank no. 2 port was also deformed. The explosion
inside the cargo tank also lifted and bulged up part of the main deck (tank top). There
were no injuries to persons or loss of life. However, one crew member who was on
deck at the time, was transferred to hospital soon after the accident and was treated for
shock. No pollution was reported and there were no leakages or cargo tank breaches
to the sea.
At the time of the accident, the vessel had about 1200 m3 of water-based drilling mud
residues, which were considered as slops and were distributed in all the cargo tanks in
different quantities, except for cargo tank no. 4 port, which contained approximately
158.6 mt of waste oil. The water-based drilling mud had a higher density than water
and the former may have settled and became non-fluidised in the bottom of some of
the cargo tanks.
When the vessel arrived at the Loading Terminal and attempted to load on top, the
cargo was not reaching the cargo tanks. Compressed air was blown through the cargo
lines by the Terminal in order to clear the bottom of the drop lines, which were under
the top level of the mud sediments. Prior to the accident, cargo lines to tanks nos. 1
port and starboard had been blown through by air for about ten minutes. The lines
were safely cleared.
Compressed air was then connected to cargo tank no. 2 port since this tank also had
the drop line blocked at the bottom. Minutes later, the explosion occurred.

viii

The cause of the explosion was not immediately identified. However, laboratory
analyses of residue samples from the cargo tanks revealed that traces of hydrogen
sulphide (H2S), high levels of phosphorus and methane (CH4). Hydrocarbon peaks
were also present. Bacterial analysis indicated that high values of methane-oxidising
(methanotrophic) and methane-producing (methanogenic) bacteria were present in the
cargo tank residue samples. It was concluded that on a balance of probabilities,
spontaneous ignition might have occurred as a result of the presence of a phosphine
(PH3) and diphosphine (P2H4) / air mixture, in a flammable CH4 / air mixture
atmosphere inside cargo tank no. 2 port.
The safety investigation revealed other factors, which were relevant to the explosion
inside the cargo tank, including issues with the information on the Material Safety
Data Sheet (MSDS) and the adopted loading procedure.
As a result of the safety investigation, one recommendation was issued to Transport
Malta‟s Merchant Shipping Directorate as the flag State Administration.

The

recommendation is intended to disseminate the lessons learnt and bring to the industry
hazard awareness associated with the carriage of drilling mud. Two recommendations
were made to the ship‟s managers, which aim to highlight the importance of Material
Safety Data Sheets and ensure the dissemination of the safety lessons identified in this
safety investigation.
During the course of the safety investigation, the Marine Safety Investigation Unit
(MSIU) has received all the necessary assistance and extensive support from the
managers of the vessel, who have also notified the MSIU of their safety actions in
order to prevent future similar accidents.
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1

FACTUAL INFORMATION

1.1

Vessel, Voyage and Marine Casualty Particulars

1

Name

Mar Cristina1

Flag

Malta

Classification Society

Lloyd‟s Register of Shipping

IMO Number

9236303

Type

Oil / Chemical Tanker

Registered Owner

SCF Marpetrol S.A.

Managers

Marexco S.A., Spain

Construction

Steel (Double hull) – Class II

Length overall

114.0 m

Registered Length

106.9 m

Gross Tonnage

3693

Minimum Safe Manning

14

Authorised Cargo

Chemicals / Products

Port of Departure

Mongstad anchorage, Norway

Port of Arrival

Sandefjord, Norway

Type of Voyage

International

Cargo Information

Water-based drilling mud residues

Manning

15

Date and Time

30 August 2011 at approximately 1545

Type of Marine Casualty or Incident

Serious Marine Casualty

Location of Incident

Oleon, Sandejord

Place on Board

Cargo tank

Injuries/Fatalities

One minor injury

Damage/Environmental Impact

Vessel sustained structural damages but
there was no environmental impact

Ship Operation

Loading

Voyage Segment

Moored alongside

External & Internal Environment

It was daylight and the air and sea
temperatures were 18°C. The
south-westerly wind was light airs.

Persons on Board

15

Following a request by the vessel‟s owners, Mar Cristina was renamed Mar Carmen
on 02 March 2012.

1

1.2

Description of Vessel

Mar Cristina is a Type 2 product carrier built in 2001 by Selah Shipyard, Turkey as
Hull No. 32. Mar Cristina has an overall length of 114 m, a breadth of 16.90 m and a
deadweight of 6672 at its summer draft of 6.802 m. It has a (reduced) gross tonnage
of 3693.
The vessel is ice classed, of a double hull construction, and has twelve cargo tanks
and a slop tank. All of the cargo tanks are located forward of the accommodation.
Each of the cargo tanks is fitted with a hydraulically operated deep well pump for the
discharge and handling of cargo. The configuration of the cargo tanks and cargo
system is designed to permit the carriage of different parcels of cargoes. The total
cargo tank capacity at 98% filling is 7472 m3.
The cargo length area extends from frames 34 to 136, for a total length of 71.40 m.
The machinery space is fitted between frames 10 to 32 and the superstructure is
located aft of the cargo tanks. The cargo control room is located at the forward part of
the superstructure at poop deck level with a good view of the deck and cargo
manifolds.
Propulsion is provided by a single MAK 8M32C, eight cylinder, medium speed diesel
engine that delivers 3840 kW through a reduction gearbox to a single, fixed pitch
propeller. This gives the ship a service speed of about 14.5 knots at an engine speed
of about 600 rpm.

Figure 1: MT Mar Cristina

2

Mar Cristina‟s navigation bridge is equipped with a range of navigational equipment
in accordance with the relevant International Convention for the Safety of Life at Sea,
1974, as amended (SOLAS) requirements.
1.2.1

Vessel’s cargo tanks

The vessel has 12 cargo tanks arranged in six pairs on port and starboard sides. A
slop tank is fitted forward of the cargo tanks, extending from side to side between
water ballast tanks nos. 1 port and starboard. The side and double bottom ballast
tanks are fitted between the outer and inner shell (Figure 2).

Figure 2: Mar Cristina double hull arrangement

The cargo tanks have flush inner surfaces without any protrusions. The structural
girders and stiffeners are designed and fitted on the aft of the side bulkheads,
underneath the tank top (in the double bottoms), and on the main deck. The centreline
and transverse bulkheads between the port and starboard side tanks are of the
vertically corrugated type, arranged in a vertical fashion for ease of tank cleaning and
to avoid the settling of cargo residues inside the cargo tanks (Figure 3). Transverse
and longitudinal bulkheads are protected with coatings of epoxy-phenolic paint.
Access to the inside of each of the cargo tanks is gained from the main deck through
an entry hatch of about 1.2 m in diameter.

3

Figure 3: Cargo tank arrangement

4

The cargo pipe lines are 150 mm in diameter and made of stainless steel. The cargo
loading and discharge system is arranged with port and starboard cargo manifolds
(Figures 4 and 5). A common line manifold along the starboard manifold provides a
connection between all individual cargo tank lines and the discharge manifolds, by
means of spool pieces. Transferring of cargo between the ship‟s cargo tanks and
segregation of cargo parcels is possible by using the appropriate spool pieces.
It is possible to connect the shoreline through a series of valves, mainly a main valve
on port and starboard sides and a manual valve for each of the cargo tanks and slop
tank. A discharge valve is fitted on the discharge side of each cargo pump. Another
valve is fitted on each of the cargo tanks‟ drop lines. Drop valves are operated from
the vessel‟s cargo control room. The drop lines are welded to the ship‟s main
structure and extend vertically down to about 100 mm above the cargo tank bottom.
This eliminates cargo splashing during loading operations.
The port side cargo tanks have the same loading arrangements as the ones on
starboard side, bar two more valves between the main valve and the discharge valve
on each of the port side cargo tanks. Recirculation of the cargo within the same cargo
tank is possible by using the cargo tank‟s own deepwell cargo pump, closing the
valves at the discharge / loading manifold, and opening the valve to the drop line.

Figure 4: Cargo manifolds (starboard side)

5

Figure 5: Cargo system layout
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High Velocity Pressure / Vacuum vent (P/V) valves are fitted for each cargo tank on
top of risers located high above the main deck in way of the centreline catwalk along
the main deck. The P/V valves were set to open at a pressure of + 200 mBar, and had
a designed outflow of about 1600 m3 hr-1.
There was no inert gas system installation on board and cargo tanks were not inerted
during cargo operations. Moreover, the vessel was not equipped with automatic direct
measurement of the Lower Explosive Limit (LEL) and H2S in the cargo tanks.
The records of the Planned Maintenance System on board the vessel, were up to date
and did not indicate any overdue items for maintenance.
1.2.2

Vessel’s cargo control room

The cargo control room is located forward within the superstructure at poop deck
level and adjacent to the deck office. It is equipped with a cargo control console and a
mimic pipeline display with cargo valves and pump controls activation switches and
status indication lights (Figure 6). There is also a cargo computer display unit, which
remotely indicates tank level quantities, level alarms, temperatures and pressure
sensors for the cargo tanks and the cargo lines2.

Figure 6: Cargo control room mimic diagram

Important cargo operations‟ instructions and other related information was displayed
for all crew members on a notice board inside the cargo control room (Figure 7). All
portable cargo related instrumentation was also located in the cargo control room.

2

All sensors inside the cargo tanks and cargo lines were intrinsically safe.

7

Figure 7: Cargo control room displayed information and cargo related instrumentation

1.3

Vessel Certification

All of the vessel‟s Statutory certificates, including the Cargo Ship Safety Equipment
Certificate and the Cargo Ship Safety Construction Certificate were found to be in
good order with valid dates.
Lloyd‟s Register of Shipping (LR) had issued all the vessel‟s Statutory Certificates
under the authority of The Government of Malta except for the Minimum Safe
Manning Certificate, which was issued by Transport Malta‟s Merchant Shipping
Directorate.
The vessel also carried an International Certificate of Fitness for the Carriage of
Dangerous Chemicals in Bulk and included a long and extensive list of products that
the vessel was certified to carry. Oil drilling mud residue was not listed amongst the
list of chemicals that the vessel was certified to carry. However, when LR was
approached in this regard, the classification society confirmed that the chemical
composition of the drilling mud did not reveal any physical or chemical
characteristics, which could justify a prohibition to load this cargo3.

3

On the basis of the presence of CH4 and H2S gases, sea water, and hydrocarbons, it was considered
that the drilling mud had been used in an offshore installation and returned as a backload cargo.
Described as „used‟ drilling mud, the cargo would not have been classified under its original
category and therefore the vessel was able to carry it under the IBC Code entry „Liquid Chemical

8

1.4

Crew Members

Mar Cristina’s crew of 15 comprised a master, chief, second and third mates, chief
and second engineers, one engineering officer of the watch, a pump-man, three able
bodied seamen, two oilers, a cook and a messman. The master and the bosun were
Spanish, whereas the chief, second and third mates, and the chief and second
engineers were Peruvian. The pump man, three able seamen, two oilers, cook and the
messman were Honduran. All officers held the appropriate certifications and
endorsements in accordance with the relevant provisions of the STCW Convention.
The Master held a Spanish Certificate of Competence (restricted master up to
6000 GT), a General Operator‟s Certificate (G.O.C.) and a tanker endorsement (oil
and chemical). He had more than 14 years of product tanker experience and had
served as a master for over four years. The chief mate held a Peruvian Certificate of
Competence, a G.O.C. and a tanker endorsement (oil and chemical). The chief mate
had almost four years of tanker experience on this type of vessel and had served for
over six months in this rank.

Wastes.‟ The category „Liquid Chemical Wastes‟ was listed in the Appendix to the Certificate of
Fitness.
During the safety investigation, the MSIU queried whether the guidelines in IMO Assembly
Resolution A.673(16) (adopted on 19 October 1989), as amended by Resolution MSC.236(82)
(adopted on 01 December 2006) were applicable / applied at some stage. The Assembly Resolution
A.673(16) provides guidelines for the transport and handling of limited amounts of hazardous and
noxious liquid substances (NLS) in bulk and offshore support vessels (OSVs). The Resolution was
initially adopted since it had been recognised that OSVs were being called upon to carry hazardous
materials to and from offshore installations, although with limited quantities and which would
therefore not necessitate full compliance with prevailing IMO requirements in transportation of
hazardous materials as contained in the IBC Code and MARPOL Annex II.
The amendments to Assembly Resolution A.673(16) make particular reference to oil-based and
water-based mud in Appendix 1, listed as a permitted products and non flammable. IMO‟s Marine
Environmental Protection Committee (MEPC) adopted revisions to MARPOL Annex II and the
IBC Code on 15 October 2004. As a result of the 2004 amendments, which entered into force on 01
January 2007, MARPOL Annex II, regulation 11 was also amended. The new regulation required
flag State Administrations to adopt appropriate measures to minimise the uncontrolled overboard
discharge of NLS cargoes listed in chapter 17 of the IBC Code, carried by vessels other than
chemical tankers or liquefied gas carriers. Moreover, it was also required that measures by the flag
State Administrations were to be based upon IMO Guidelines i.e. Resolution A.673(16). In its
submission, the flag State clarified that although the basic rationale of these guidelines was to adopt
similar safety standards to those of the IBC Code, they were only developed for the transportation
of limited quantities of such cargoes on board vessels, which were not constructed to carry cargoes
in bulk.
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1.5

Narrative

1.5.1

Voyage history

Mar Cristina had been on a time charter with Herning Shipping AS of Denmark but
on 28 February 2011, she was sub-chartered to DVS Norge A/S. The last cargo that
the vessel had loaded before starting services with DVS Norge was heavy fuel oil
RMG 380 (maximum sulphur content 2.8%) on 14 February 2011.
On 01 March 2011, the vessel‟s owners were informed by the charterers that
Mar Cristina was to be contracted as a floating storage vessel in Mongstad area, on
the western coast of Norway close to Bergen. Details and terms of the sub-charter
were emailed to the owners by the charterer. Following a request by the ship
managers for particularities and nature of the intended cargo, Herning Shipping AS
notified both the owners and the master that the intended cargo parcels were “waterbased drilling mud slops, with a specific gravity of about 1.05 mt m-3, MARPOL
Annex I”, for loading on top4. The charterers also specified that in accordance with
the charter party agreement, the vessel was not to use its own cargo pumps for
handling the cargo5.
When the vessel came to load the first parcel of the new cargo on 02 March 2011, the
sub-charterers (i.e. DVS Norge A/S) were served with a Note of Protest. The master
was “holding [the sub-charterers] responsible for any cost, delays, demurrages or any
other consequences, whatsoever, incurred by the fact of loading/unloading waterbased drilling mud slops.” On 06 March 2011, another Letter of Protest was issued to
DVS Norge, highlighting that the MSDS was not received by the vessel. A summary
of the cargo operations is provided in Table 1.

4

An email dated 01 March 2011 from the main charterers to the vessel, referred to water-based
drilling mud as Annex I cargo. However, this was considered to be a misprint although the vessel
had also loaded oily-water / waste oils (SG = 0.82), (Annex I) in cargo tank no. 4 port.

5

It was understood that the term „handling of cargo‟ referred to both loading and unloading
operations. The vessel‟s deepwater pumps were not designed to handle an abrasive cargo.
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Table 1: Summary of cargo operations

Date

Cargo operation

02 – 06 March 2011

Loading at Mongstad (5035 mt)

07 – 08 April 2011

Loading at Mongstad (250 mt)

10 – 15 May 2011

Discharge at Mongstad (2061 mt)

17 – 19 / 20 – 30 May 2011

Discharge and loading at Mongstad (ROB – 2695 mt)

02 June 2011

Loading at Floro (852 mt)*

03 June 2011

Loading at Kristiansund (726 mt)

11 June 2011

Loading at Tananger (1580 mt)*

12 – 20 June 2011

Loading and discharge at Monsgstad (ROB – 5863 mt)

01 – 08 August 20116

Loading and discharge at Mongstad (ROB – 1434 mt of
which, 158 mt are waste oil in cargo tank no. 4 port)

* Vessel‟s cargo lines were purged with the vessel‟s compressed air.

The loading of the water-based drilling mud slops was to be carried out through the
cargo lines and drop line. The discharging of cargo had to be carried out by means of
a portable submersible pump, which had to be lowered into the cargo tank through the
cargo tank hatch. Mar Cristina left Mongstad on 08 August 2011 at about 1512.
1.5.2

Events at Oleon Terminal in Sandefjord

Oleon Terminal at Sanderfjord (Figure 8) was a former whale oil refinery. A number
of storage tanks are now serving as a storage facility for various liquid/fluidised
products.

Figure 8: Mar Cristina moored alongside at Oleon Terminal
6

The vessel received oily water from offshore supply vessels. At Mongstad, the vessel had been
receiving cargo from the terminal but offshore supply vessels were occasionally transferring mud
and oily water from the drilling rigs to Mar Cristina.
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Mar Cristina arrived at Sandefjord on 09 August 2011. The pilot boarded at about
1906. The vessel came alongside at the Terminal and was all fast at about 2128.
The vessel docked with about 1203 m³ of water-based drilling mud residues already
on board. The water-based drilling mud was distributed in unequal proportions in all
the vessel‟s cargo tanks, except for cargo tank no. 4 port, which contained some
200 m³ of waste oil.
A cargo plan, dated 09 August 2011, was prepared in Spanish by the chief mate and
displayed in the cargo control room for information purposes. The MSDS for the
cargo, which had been planned to be loaded at Sandefjord, referred to liquid chemical
waste (process water), an IMO Annex II cargo, and listed in the vessel‟s Certificate of
Fitness as Liquid Chemical Waste on page 15 of the Certificate‟s Annex (List of
Products)7.
It had been planned that approximately 4000 m³ of water-based drilling mud slops
were to be loaded at the Oleon Terminal. The plan was to transport the loaded slops
and waste water back to Mongstad for discharge at the appropriate facilities there.
The cargo operation at Oleon Terminal had to be carried out under closed loading
conditions with all openings closed except for the P/V valves. This procedure had
been agreed due to the high H2S content in the cargo.
On 11 August 2011, a safety meeting was held on board with all concerned parties at
0800. The loading of the product had been scheduled to commence from shore tank
no. 108, using a shore portable diesel driven pump (Figure 9).

7

The MSDS indicated that the constituents of the process water had less than 0.5% oil emulsion and
less than 1% carbon with hydrocarbon and H2S odour.
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IBC containers
for the NaOH
solution
Shore cargo
portable pump

Cargo hose
Figure 9: Pump arrangement for the loading operation

The pump had been transferred to the pier close to the vessel‟s loading manifold. Six
inch diameter hoses were connected to the shore tank discharge valve, down to the
portable pump and the ship‟s manifold. The master was informed that the portable
pump on the pier was the responsibility of the sub-charterers8. Eventually, at 0936,
the cargo hose was connected to the manifold and loading commenced shortly
afterwards.
The MSDS submitted to the vessel before the cargo operations commenced was in
Norwegian and the information was not understood on board. The master recalled
that the issue had been raised with the relevant personnel. The Terminal had
promised to provide a data sheet in the English language. However, by the time of the
explosion on board, the MSDS (English version) had not yet been provided to the
ship.
At about 1012, i.e. about 30 minutes after the cargo operations had commenced,
loading was stopped at the request of the Terminal. It was noticed that no cargo was
being pumped to the ship. An investigation into the problem revealed that the vessel‟s
cargo pipe drop lines to cargo tanks nos. 1 port and starboard were blocked by
sediments in the cargo tanks. According to calculations made by the Terminal, just
over 4 m3 of cargo had been transferred from shore tank no. 108. The ship‟s figures,
8

The cargo had to be mixed with 32-50% solution of Sodium hydroxide (NaOH) in order to
neutralise the high content of H2S. The NaOH solution had to be injected into the product line from
1 m³ capacity Intermediate Bulk Containers (IBC).

13

however, suggested that no cargo had been loaded into cargo tanks nos. 1 port and
starboard. At about 1524, the cargo hoses were disconnected and Mar Cristina
remained alongside awaiting orders from the Terminal and the charterers.
For a period of three weeks, the vessel remained alongside and no attempts had been
made to resume cargo operations. On 30 August 2011, Oleon Terminal inspectors
boarded the vessel at 1115 for a safety meeting with the ship‟s officers. During the
meeting, the master asked if it was possible to load cargo from a shore tank other than
the intended tank No. 108. The master‟s concern was the high levels of H2S and
dissolved sulphides in the drilling mud stored in shore tank No. 108. The master‟s
request was turned down.
The meeting closed at 1140 and soon after, the inspectors left the vessel. At about
1318, representatives of Oleon Terminal and the sub-charterers boarded the vessel and
amongst other matters, they discussed the H2S (ppm) content in shore tank no. 108
with the master and the chief mate. The chief mate stated that in the meantime, the
atmosphere inside the cargo tanks was tested for explosive gases (% LEL) and H2S
content9. The recorded measurements did not indicate the presence of explosive gases
and H2S. A statement on the test readings, endorsed by the chief mate and the
Terminal‟s representative, was also filed on board (Annex 1).
Evidence indicated that the master had requested the Terminal to flush the cargo drop
lines in all the cargo tanks with pressurised water. However, the Terminal was unable
to meet the master‟s request and instead suggested blowing the cargo line with
compressed air10. To this effect, one six inch diameter hose was connected at 1410.
Subsequently, the Terminal and sub-charterers‟ representatives left the vessel at about
1440.

9

The measuring instruments had been last calibrated by a shore technician in February 2011.

10

In their submission, the Terminal representatives indicated that personnel from Oleon and DVS
Norge who were present at the safety meeting, claimed that the Terminal was never asked for
pressurised water. Moreover, it was also stated that the Terminal never suggested to blow the lines
with compressed air. Their submission continued that the Terminal was asked what air pressure
could be provided as the compressed air pressure on board was not sufficient. This was interpreted
by the Terminal that the vessel had already tried to free the lines with compressed air from the
engine-room‟s working air receivers. As it will be demonstrated in the following pages of this
safety investigation report, it was beyond the scope of this safety investigation to determine who
had decided to use compressed air. From a safety point of view, it was more important to establish
that compressed air had been actually used.
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At 1535, the Terminal commenced blowing compressed air through the cargo line via
the drop line of cargo tanks nos. 1 port and starboard in order to clear the lines. It had
been confirmed that the blowing had been successful and these lines were cleared one
at a time after pressing the line with compressed air to a pressure of about 6.2 bar.
This was done with a flexible cargo hose, which was connected to the ship‟s manifold
common line. The drop valves had been kept closed and only opened for a few
seconds, one at a time when the pressure in the manifold had reached about five bar,
and then closed again when the respective drop line was cleared open and pressure
dropped to zero. These drop valves were remotely controlled from the cargo control
room.
By 1542, air blowing through nos. 1 port and starboard cargo tanks‟ drop lines had
been completed. The hose was then rigged to blow compressed air into cargo tank
no. 2 port, which also had a blocked drop line. Several minutes later, the manifold
valves for cargo lines nos. 2 port and starboard were opened whilst the drop valves
were kept closed (Figure 10). When the pressure in the common line had reached
about five bar, the drop valve of cargo tank no. 2 port was opened from the cargo
control room.

Figure 10: Blowing compressed air into cargo lines nos. 2 port and starboard, several seconds
before the explosion

Soon after the pressure dropped to zero, the chief mate, who was still inside the cargo
control room, felt some vibrations and immediately an explosion occurred inside
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cargo tank no. 2 port. The time was about 154511. A large plume of dark grey/black
smoke and mud erupted into the air but no subsequent fire was seen. The tank lids
from cargo tank nos. 2 port and starboard and cargo tanks nos. 1 port and 3 port were
blown overboard (Figure 11).
The explosion was heard from the nearby town of Sandefjord. Neither the crew nor
the shore personnel suffered serious injuries (one crew member was treated in a local
hospital for minor injuries). Moreover, no environmental pollution was reported and
the situation was said to be under control relatively soon after the explosion.

Figure 11: The instance when the explosion occurred. Encircled in red is one of the cargo tank
lids, which was blown overboard at high velocity

Several minutes after the explosion, the vessel developed a list to port side (Figure
12).

Figure 12: The vessel listed to port side soon after the explosion as a result of the internal
structural damages
11

This is ship‟s time, which was not in synchronisation with the time on the CCTV system in the
Terminal.
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1.5.3

Post explosion events

At about 1550, the general alarm was activated by the chief mate and the company‟s
Designated Person Ashore (DPA) was contacted and informed of the accident. As
soon as it had been ascertained that the main deck was safe, a visual inspection of the
deck and around the vessel was carried out.
The vessel‟s port list had further increased to 10°. Efforts to correct the list had not
been immediately possible as the activating controls for the ballast system valves
were not operating as a result of the blast damage to the hydraulic control pipe system
on deck. Eventually, water from the fire main was pumped into the starboard wing
ballast tanks and cargo tank no. 4 starboard through the manholes on the main deck,
which were opened manually by the crew members.
Later during the evening, all access hatches were opened and the atmosphere inside
the cargo tanks was tested. H2S gas was detected in cargo tanks nos. 1 starboard and
3 starboard. Cargo tanks nos. 6 port and starboard had LEL levels of 44% and 60%
respectively. This was considered to be very dangerous and the Sandefjord police
requested the master to ventilate the cargo tanks to reduce the flammable range of the
atmosphere inside. It was also reported that in a number of cargo tanks, ebullition of
gas bubbles was observed in the cargo.
Following the accident, regular tests for LEL and H2S levels were carried out every
three hours and the results notified to the Police. The results confirmed the presence
of gas in the cargo tanks; measurements at the discharge valve of cargo tank no. 2 port
indicated 60% LEL and 18.4% O2 concentration. The vessel‟s structural condition
remained stable during the days following the explosion (Figure 13).
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Figure 13: Mar Cristina’s main deck following the explosion

1.5.4

Structural damages

The damages sustained by the vessel as a result of the explosion were localised inside
cargo tanks nos. 1, 2 and 3 port and starboard, and the main deck in way of these
tanks. The ship‟s structure in way of cargo tank no. 2 port was the most affected. The
main areas just referred to are indicated in Figure 14.

Figure 14: Areas affected by the explosion
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A damage assessment revealed that in addition to the overpressure damages inside the
cargo tanks, Mar Cristina had also sustained damages to its main deck, double
bottoms and side shell plating. The damages on the main deck extended from frames
76 to 141. Frames 90 to 129 were affected throughout the entire length whereas the
remaining frames were only partially affected. The main deck had lifted upwards by
about 1.2 m on the port side in way of cargo tanks nos. 2 and 3, and by about 0.5 m in
way of cargo tank no. 3 starboard.
An underwater survey carried out whilst the vessel was still alongside at Sandefjord
did not reveal any damages to the bottom shell plating. No water ingress was
observed in any of the vessel‟s double bottoms. The damage was confined to the
internal structures of the double bottoms and the cargo tanks. Frames 90 to 129
sustained the most severe damages.
The surveys of the cargo tanks revealed that the longitudinal bulkhead between cargo
tanks nos. 2 port and starboard, and the transverse bulkhead between cargo tanks
nos. 1 port and 2 port had collapsed into cargo tank no. 1 port. The transverse
bulkhead between cargo tanks nos. 2 port and 3 port had detached at the top and was
displaced into cargo tank no. 3 port. The longitudinal bulkhead between cargo tanks
nos. 3 port and starboard was found partially detached and breached for a length of
about 4 m.
The transverse bulkhead between cargo tanks nos. 2 port and starboard was also found
breached, detached and displaced into the adjacent cargo tank. Deck frames 84 to
135, in way of cargo tank no. 4 port, were found buckled, severely cracked, and
detached in several locations. Several deck frames on starboard side in way of cargo
tank no. 2 port were also found cracked and distorted12. Available evidence indicated
that all PV valves were visually inspected and found clean. However, the PV valves
fitted on cargo tank nos. 2 port and 3 starboard had black deposit on the seats.
Figures 15 to 19 show the extent of damage in several areas of the vessel following
the explosion.

12

Documentary evidence indicated that several weeks after the explosion, and whilst the ship was in
dry-docks for repairs, several areas on the bulkheads forming cargo tank no. 2 port were found
corroded and with flaked coating. Other cargo tanks had superficial corrosion.
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Figure 15: Damaged catwalk on the main deck

Figure 16: A collapsed transverse corrugated bulkhead in one of the cargo tanks
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Figure 17: Damaged webbed stiffeners in way of cargo no. 2 port. The main deck shows the
effects of overpressure from the inside of the cargo tank

Figure 18: Structural damages on the main deck in way of cargo tank no. 2 starboard
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Figure 19: Structural damages to the main deck plating

1.6

Drilling Mud

Drilling mud is considered to be a very important lubricating fluid and several studies
have been conducted on its use in the drilling industry. It is used in the circulation
system of drilling operations in oil exploration. During the drilling process, it is
pumped down the drill pipe and into the hole at high velocity through nozzles in the
drill bit (Figure 20).
Drilling mud has eight important functions:
Removal of cuttings from the bottom of the hole, transferring them to the
surface;
Transmittal of hydraulic power to the drilling bit;
Cooling and lubrication of the drilling string and bit;
Exertion of sufficient hydrostatic pressure to control fluids encountered in
the penetration of the formations;
Minimising the settling of cuttings and weight material in the suspension
when circulation is temporarily stopped;
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Supporting and protecting the walls of the hole;
Reducing the possibility of damages to the formations being penetrated by
the drilling bit; and
Providing maximum information about the formations.
Drilling mud is very sophisticated and consists essentially of bentonite – a colloidal
clay, which is dissolved in either water or fuel oil. The majority of drilling operations
are performed using a water-based mud, which is cheaper and more environmental
friendly than the oil-based variety. Barium sulphate (BaSO4) is added as a weighting
medium to permit variation in the specific gravity. Normally, the mixture also
consists of organic polymers, various inorganic salts, inert solids and organic
additives to modify the physical properties of the mud and optimise its functions.
Actually, the only resemblance to mud is its consistency.
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Figure 20: The circulation of drilling mud during the drilling process (rotary table)13

The preparation of mud requires considerable care to ensure that the drilling
operations are conducted in a safe manner. Optimal density is crucial to ensure that
the hydrostatic head, which the mud creates within the hole is always greater than the

13

Source: Mather A. (2000). Offshore engineering - an introduction. (2nd Ed). London: Witherby &
Company Ltd.
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pressure likely to be encountered should the drill bit strike an unexpected oil or gas
pocket.
Drilling mud pumped from the mud tanks or pits on the platform is pumped down the
hollow drill pipe and exits the drill string through holes in the drill bit. The mud
sweeps cuttings from the drill bit up the space between the drill string and the wall of
the well (the annulus) to the platform deck.
Once the mud returns to the drilling platform, it is collected within the bell housing
situated above the blowout preventer (BOP) stack and at the top of the riser pipe. It is
then returned to the shale shaker prior to entry into the settling and storage tank (the
mud pits). The shale shaker has a series of vibrating gratings (or screens), which
sieve the mud and remove the particles of the drilling debris. Many drilling platforms
are fitted with centrifuges in addition to the shale shakers to clean up the mud.
It is standard practice on board drilling rigs that prior to re-circulation, drilling mud is
allowed to settle in the settling and storage tanks. Settling and storage tanks are open
to atmosphere and the settling period permits the release of any gaseous hydrocarbon
products. These would have been dissolved in the mud during the drilling process
when the drill bit enters a hydrocarbon bearing formation.
If permitted by local regulations, the cuttings may be discharged into the ocean.
Periodically, some of the drilling mud may be discharged as well. However, most
regulators do not allow discharge of drilling mud into the sea but request operators to
discharge it to licensed and approved disposal shore facilities.
Lubricants, including diesel, fuel, and vegetable or mineral oils may be added to
water-based drilling mud to reduce the torque on the drill string, particularly when
drilling a deviated well. On those occasions when the drill pipe becomes stuck in the
hole, the mud engineer may need to add a pill of oil-based drilling mud, containing
more than 600,000 mg l-1 of diesel or mineral oil.
The results of tests, which were carried out on drilling mud samples after the
explosion indicated “… profiles within the diesel boiling range of carbon numbers
C12 to C35. Overall, the results were consistent with diesel/gas oil (in one case a
light crude).”
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2

ANALYSIS

2.1

Aim

The purpose of a marine safety investigation is to determine the circumstances and
contributory causes of the accident as a basis for making recommendations, to prevent
further marine casualties or incidents from occurring in the future.

2.2

Generation of Hazardous / Flammable Gases

It was established that 11 of the 12 cargo tanks contained residues of the previous
cargo of water-based drilling mud. Just before the explosion, there were about
95.3 m3 of mud inside cargo tank no. 2 port. This mud had been on board for 22 days.
It was plausible to conclude that during this period of time, the solids would have
settled to the bottom and the mud would have become stagnant.
The samples of mud taken from each of the cargo tanks indicated high values of
methanogens and methane-oxidising bacteria.
2.2.1

Methane gas

The simplest hydrocarbon is CH4. This molecule contains four equivalent carbonhydrogen bonds arranged tetrahedrally (Figure 21). Each of the bonds of CH4 is of
the same length, and each of the H-C-H bond angles is 109° 28‟ (the tetrahedral
angle). CH4 is a straight-chain alkane. All the carbon-hydrogen bonds are single
bonds.
CH4 is a colourless gas, which has no smell when pure. It is practically insoluble in
water, but is soluble in organic solvents, such as other alkanes. Its density is about
half that of air.

Figure 21: The CH4 molecule
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The gas is a major constituent of oxygen-free mud and water, and marshes. In
oxygen-free (anaerobic) environments, CH4 can be produced by methanogenic
bacteria (methanogens).
2.2.2

Methanogenic and methanotrophic bacteria14

As already indicated, methanogens, i.e. methane-producing bacteria were identified in
the mud samples. Literature on the subject matter indicated that methanogenesis by
bacteria is a ubiquitous process in most anaerobic environments. Studies revealed that
gas production, which is commonly observed in nature, can be the result of
methanogens growing on specific energy sources, formed as a result of either
microbial decomposition of organic matter or in association with geochemical
activity. However, knowledge on environmental factors influencing methanogenesis
is limited. Naturally, temperature is an important variable, although it is beyond the
scope of this safety investigation to analyse the biology of microbial activity inside
the cargo tank.
Other studies suggest that a successful methanogenesis (anaerobic) process depends
on the interaction of metabolically different bacteria. This is known as a symbiotic
metabolic interaction and where it is hypothesised that methanotrophic bacteria had a
role to play in this case.
Methanotrophic bacteria (or methane-oxidising bacteria) thrive where molecular
oxygen is available, oxidising parts of the CH4 generated by the methanogenic
bacteria. This symbiotic association and the resultant oxidation of CH4 would have,
to some extent, depleted the atmosphere in the cargo tanks from oxygen – creating an
ideal environment for the methanogenic bacteria (which are anaerobic). Thus, the
presence of methanotrophic bacteria would have consumed some of the generated
CH4 but not eliminated it completely.
Prior to the carriage of this cargo, neither the company nor the master had been aware
that this cargo could release gases generated by anaerobic bacteria. It has already
been explained in sub-section 1.5.3, that ebullition of gas bubbles was observed. As
such, this could have been an indication of a bacterial metabolic reaction.

14

Methanogenic and methanotrophic bacteria are different microbial groups.
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2.2.3

A distinct explosion hazard

CH4 can pose a distinct explosion hazard in an environment when in a mixture with
O2 from air. It has been reported in safety literature that the explosive range for CH4
in air lies within a range of 5.53% and 14%. CH4 concentrations exceeding 14% may
result in burning but no explosion. It was possible to conclude that on the basis of
CH4 levels observed in other cargo tanks not involved in the explosion, the CH4 levels
before the accident inside the cargo tank no. 2 port fell within the flammable range of
CH4 and air mixture.
2.2.4

Presence of Phosphorus15

Samples of liquid and sludge were tested for phosphorus content as part of a metals
and sulphur analysis, using spectrophotometry. The results suggested that the level of
phosphorus in the sludge was relatively higher than what one would expect to find in
sea water. Whilst the results indicated a concentration of phosphorus (implying an
elemental value), this could also be interpreted as the „Total Phosphorus Content‟,
which may well have derived mainly from phosphate compounds. Thus, the potential
presence of Phosphine (PH3) was considered to be interrelated to the detection of
phosphorus.
PH3 (Figure 22) is also a by-product of anaerobic decomposition of organic matter
such as water-based drilling mud. PH3 is colourless and odourless16. The auto
ignition temperature of pure PH3 is 38°C but the presence of impurities, particularly
Diphosphine (P2H4) often causes PH3 to ignite spontaneously at room temperature and
to form explosive mixtures at concentrations greater than 1.8%.

Phosphorus

Hydrogen

Figure 22: The PH3 molecule
15

Phosphorus is the second element in Group V of the periodic table and comes below nitrogen. It
can exercise a covalency of three or five.

16

Phosphine is also known as phosphorus trihydride.
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PH3 is only slightly soluble in water as it does not take part in hydrogen bonding with
water molecules. Table 2 summarises the physical characteristics of PH3.
Table 2: Physical characteristics of PH3

Physical characteristics
Chemical formula

PH3

Physical state

Gas

Colour

None

Melting point

-133.5°C

Boiling point

-87.4°C

Spontaneous ignition temperature*

38°C

LEL

1.8%

UEL

Unknown

Vapour density

1.17

* The spontaneous ignition behaviour of PH3 is very unpredictable. Although this figure is quoted in
literature, its validity depends on the conditions of the measurements.

2.2.5

Other considerations on the potential sources of flammable gases

As for methanogenic and methanotrophic bacteria, iron-reducing and sulphurreducing bacteria were also found in the analysed samples. These bacteria would
have contributed to the production of H2S gas. However, bacteria is not the only
source of H2S gas. If during the drilling process, the drilling bit penetrates pockets of
oil or gas, the drilling mud will also come in contact with hydrocarbons and other
gases such as H2S and CH4.
These gases can be absorbed into the mud. Moreover, drilling mud additives, such as
esters and lubricants may lead to the artificial production of CH4 during the drilling by
thermal and / or mechanical cracking of these additives. Not only; traces of H2 can be
produced in the drill hole because of chemical reactions between the mud and the
steel of the drill string and casing.
When the mud returns from the well, it is passed over a „shaker‟, which is designed to
allow the mud to pass through and the drilling cuttings to be removed and either
dumped or processed further. The „shaker‟ houses and storage tank areas on oil rigs
have CH4 and H2S detectors to ensure that a build up of gases is detected. The
process is monitored even during this stage and if a high reading of gas contamination
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is detected, the mud is passed though a vacuum mud gas separator before it is returned
to the storage pits17.
All the storage tanks that hold mud have agitators fitted in order to help ensure that
the solids remain in solution. The agitators are in the form of rotating paddles, which
keep the mud in motion and prevent the BaSO4 from depositing on the bottom of the
tank18. The agitation process may also lead to the release of entrapped gases. The
safety investigation has also considered this possibility. However, the drilling mud on
board was water-based and the absorption of CH4 and H2S is more of a safety issue
with oil-based mud than the water-based type.
Further to H2S seepage into the well from the formation, mud degradation (as a result
of chemical additives in the mud) may also lead to the formation to H2S19. In
combination with carbon dioxide (CO2), this would have lowered the pH. However,
the analysis of the samples collected after the explosion revealed pH values, which
ranged from 7.16 to 8.1 for the filter liquid fractions and 6.81 to 8.93 for the sludge
fractions. These results indicated an almost neutral liquid. The sludge fraction
samples ranged from being weakly acidic to slightly alkaline.
Thus, taking into consideration the above, whilst not excluding completely the
possibility of other sources of CH4 and H2S, it was very probable that the main source
of these two gases was the microbial action on the drilling mud.

2.3

Probable Cause of the Explosion

Following an in-depth analysis of the circumstances surrounding the events on board,
the safety investigation could not accurately determine the source, which ignited the
flammable gases. It was concluded, however, that the observed damage was
indicative of an explosion, which had initiated in cargo tank no. 2 port; as it will be
explained below, it did seem that the preconditions for an explosion inside the cargo
tank (Figure 23) had been met.

17

All mud processes areas are at least Zone 2 rated for electrical equipment and ventilation.

18

It would be extremely difficult to remove the BaSO4 from the tank should it be allowed to settle.

19

H2S analysis results on three samples gave a range of 0.14 ppm to 17.39 ppm. The LEL of H2S is
4% volume to 46% volume.
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Figure 23: The explosion pentagon

2.3.1

Cargo tank damage due to overpressure by compressed air

The possibility of an overpressure condition inside the cargo tank no. 2 port, induced
by the compressed air, which was used to blow the drop line was considered. There
were, however, several factors, which did not support this possibility.
1.

The chief mate clearly indicated that the explosion inside the cargo tank
happened soon after the drop line valve was opened from the cargo control
room and the pressure inside the cargo line dropped to zero. Since the time
between the opening of the valve and the explosion was relatively very short,
it was concluded that the potential increase in pressure inside the cargo tank in
such a short time could not have exceeded the design strength of cargo tank
no. 2 port;

2.

Evidence did not indicate that at any time before the explosion the PV valve
had opened. LR confirmed that the PV valves were tested after the explosion
and found satisfactory. The black deposit on the seat of the PV valves fitted
on cargo tank nos. 2 port and 3 starboard indicated that the PV valves in
question opened during the explosion20; and

3.

CCTV footage revealed that at the time of the explosion, several access hatch
lids were blown overboard at high velocity (Figure 11). It was very doubtful

20

PV valves are not designed to relieve the overpressure, which is generated inside a cargo tank as a
result of an explosion.
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that an overpressure condition induced by compressed air inside the cargo tank
would have forced the lids to be blown overboard like projectiles.
It was therefore concluded that the compressed air did not pressurise cargo tank
no. 2 port beyond its designed strength.
2.3.2

Pyrophoric oxidation

In an oxygen free atmosphere where H2S gas is present or, specifically, where the
concentration of H2S exceeds that of the oxygen, iron oxide is converted to
Iron (II) sulphide (Fe2S).
When Fe2S is subsequently exposed to air, it is oxidised back to iron oxide and either
free sulphur or sulphur dioxide gas is formed. This oxidation reaction is exothermic
i.e. accompanied by the generation of considerable heat such that individual particles
may become incandescent. Rapid exothermic oxidation with incandescence is termed
Pyrophoric Oxidation.
Pyrophoric Fe2S, i.e. Fe2S capable of pyrophoric oxidation in air, can ignite
flammable hydrocarbon gas / air mixtures. As described above, the formation of
pyrophors depends on three factors:
presence of iron oxide (rust);
presence of H2S gas; and
lack of oxygen.
However, the formation of pyrophors also depends on the comparative influence of
these factors. The presence of oxygen will inhibit the conversion of iron oxide to
Fe2S. Moreover, whilst the concentration of H2S gas has a direct influence on the
formation of pyrophors, the degree of porosity of the iron oxide, and the rate of flow
of the gas over its surface will influence the rate of sulphidation. Research
literature referred to chemical experiments, which supported the view that there is
no safe level of H2S below which, a pyrophor cannot be generated.
In oil terminal operations, pyrophoric Fe2S is well recognised as a potential source of
ignition. Pyrophoric deposits are apt to accumulate in storage tanks in sour crude
service and in process equipment handling sour streams. While pyrophoric Fe2S is a
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widely recognised ignition source in shore-based operations, it has rarely been cited
as the cause of a marine ignition and then, only in those few cases where the H2S
levels were very high.
As long as the atmosphere inside the cargo tanks remained inert, there would have
been no danger of ignition from a pyrophoric exothermic reaction. Therefore, it is
imperative that the atmosphere in a cargo tank is not allowed to become flammable.
However, Mar Cristina was neither required nor fitted with an inert gas system.
Moreover, the evidence did not indicate that an external source of inert gas was
connected in some way to inert the cargo space tanks. The danger of ignition on
board the vessel was therefore not a remote possibility.
However, the physical condition of cargo tank no. 2 port, which was assessed whilst
the vessel was in dry-docks, did not seem to have supported an explosion resulting
from pyrophoric oxidation. Evidence indicated that although the cargo tank
bulkheads had areas of corrosion and other areas where the epoxy coating was
damaged (and hence the steel was exposed), this seemed to be more symptomatic of
the explosion rather than a poor condition of the cargo tank coating. Moreover, the
level of corrosion inside cargo tank no. 2 port was not deemed significant enough to
sustain pyrophoric Fe2S.
It has to be also stated that the triggering of the chemical reaction would have required
the compressed air to impinge directly on the Fe2S deposits inside the cargo tank‟s ullage
space. Considering that the compressed air was directed inside the cargo tank through the
drop line, the direct impingement was not possible given that the end of the drop line was
submerged into the cargo.
On the basis of the available evidence and considerations made, the safety
investigation was unable to support the hypothesis that pyrophoric Fe2S was the cause
of the explosion inside the cargo tank.
2.3.3

Physical explosion – static electricity

Electrostatic ignition, as the cause of explosions on tankers, is not an unknown hazard
to the industry. Static electricity is generated when liquids move in contact with other
materials.
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Safety literature explains in more detail that there are three stages leading up to a
potential electrostatic hazard:
1.

charge separation;

2.

charge accumulation; and

3.

electrostatic discharge.

Charge separation occurs whenever two dissimilar materials come in contact. Charge
separation, which occurs at the materials‟ interface, may also exist between a solid
and a liquid. When the materials stay in contact and immobile relative to one another,
the charges are extremely close together. The voltage difference between the charges
of opposite sign is then very small and no hazard exists. However, when the materials
move relative to one another, the charges can be separated and hence voltage
difference increased. This may happen when liquid flows through pipes, a solid
particle settles through a liquid or gas bubbles rise up through a liquid. Agitation of a
liquid may also be an issue in charge separation.
Two differing substances in contact with each other will often become charged as
electron transfer occurs from one substance to the other. Whilst the net charge
remains constant, the separation of two substances often causes them to remain
disparately charged. This phenomenon is exaggerated by increased speed of
separation and increased mechanical work (i.e. friction).
Splashing of the cargo at the start of the process was not an issue in this case – even
because the bottom end of the drop line was already submerged in the cargo.
However, pumping of entrained air in the cargo is considered to be a mechanism
which exacerbates static separation. Displacing of lines using air (and even water) is
considered to be a static charge generator.
Charge accumulation and conductivity are correlated. The conductivity of a liquid
determines whether or not it retains static charge. A non-accumulator liquid will relax
quickly because it transmits the charge to the hull21. Accumulator oils (less
conductive) will relax slowly. Whilst electrical conductivity is an important factor,

21

Charge relaxation is the process when charges that have been separated attempt to recombine and to
neutralise each other.

34

which governs charge accumulation, there are other factors that influence charge
accumulation but were deemed to be either irrelevant or not applicable to the
explosion on board Mar Cristina.
Electrostatic discharge occurs when the electrostatic field is too strong for the
electrical resistance of a material to sustain – to an extent that its insulation breaks
down. The insulation breakdown (leading to a sudden flow of electrons), generates
intense local heating22.
The stages explained above were kept in mind when analysing the available evidence
in order to determine the dynamics of the accident. However, the safety investigation
encountered difficulties to establish that Mar Cristina sustained a physical explosion.
Noting that one of the most important countermeasures against electrostatic hazards is
bonding, the safety investigation found no evidence, which would have indicated that
this defence was in some way compromised. The drop line, which was made of
stainless steel, was not painted from the inside, welded to the main deck, and held in a
vertical position by a series of brackets, which in turn, were welded to the cargo tank
bulkheads23.
The tests carried out on the samples revealed that the cargo was highly conductive, i.e.
a non-accumulator and did not have the property to relax slowly with the
accompanying risk of electrostatic discharge24.
The epoxy coating was also taken into consideration as a source of insulation –
especially since literature indicates that only epoxy coatings thicker than 2 mm may
give rise to conditions, which propagate brush discharge25.
It has therefore been concluded that whereas a physical explosion was a potential
cause of the damage, evidence did not seem to support this mechanism.

22

This is when a spark may occur.

23

The ship‟s hull is naturally earthed through the water.

24

The conductivity ranged from 35.8 mS cm-1 to 73.9 mS cm-1 for (filtered) liquid fractions and
8.3 mS cm-1 to 27.1 mS cm-1 for sludge fractions. The analysis also indicated the presence of a
range of metals generally consistent with seawater e.g. sodium, potassium and magnesium.

25

Oil Companies International Marine Forum [OCIMF] (2010, p. 54) defines brush discharge as “a
diffuse discharge from a highly charged non-conductive object to a single blunt conductor.” Brush
discharge may ignite gases and vapours.
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2.3.4

Chemical explosion – spontaneous combustion of phosphine

A chemical explosion is usually associated with pre-mixed combustion and evidence
indicated the possibility that the preconditions for a chemical explosion had been met.
As indicated in sub-section 2.2.3, the presence of Phosphorus in the cargo samples
was linked to phosphate compounds, including PH3. The presence of PH3 is
hazardous, especially in atmospheres with CH4 / air mixtures below the UEL. The
entry of compressed air into the cargo tank no. 2 port through the drop line could have
potentially found itself in the cargo tank‟s ullage space. A flammable mixture of
PH3 / air would have been created, igniting spontaneously and eventually igniting the
flammable CH4 / air mixture in the cargo tank ullage space. The ignition of PH3 in air
is represented in the following chemical equation:
4 PH3 (g) + 8 O2 (g) → P4O10 (g) + 6 H2O (g)
The burning of PH3 forms Phosphorus pentoxide (P4O10). P4O10 is a white gas. A
close analysis of the CCTV footage did not indicate the presence of white gas soon
after the explosion. The footage only showed brown / greyish plumes of smoke. It
was possible, however, that the black smoke and sludge ejected from the cargo tanks
masked the white P4O10 gas.
Moreover, it was hypothesised that the volume of PH3 was not very large and
therefore the production of P4O10 was limited. Thus, as explained above, the
spontaneous combustion of PH3 / air mixture ignited the CH4 / air mixture rather than
contributed to the fuel loading to an appreciable extent.
In March 2009, the Swedish Club issued an alert to its members on the dangers of PH3
explosions, albeit in a different context26. Spontaneous ignition of the gas has been
identified as one potential source of a series of explosions on bulk carriers during the
fumigation process when PH3 gas reaches its LEL.
The release of energy through exothermic reactions (leading to thermal expansion of
the combustion products) are the primary cause of pressure build-up in chemical
explosions. Moreover, since the flame propagates through a mixture of fuel and
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oxygen (air), chemical reactions can take place quite rapidly. This will lead to high
explosion pressures, even with a small degree of confinement (which is one of the
sides of the explosion pentagon).

2.4

Safety Management and Risk Awareness

Throughout the analysis of the available data, it became apparent that there was
limited knowledge of the hazards associated with the carriage of this cargo. This had
been manifested in several ways, not only on board, but also ashore.
Following the first loading operation of the cargo, i.e. about 19 days before the
explosion, the cargo lines were neither cleared nor tested for the presence of gas.
Moreover, the information, which had been received by the master when the ship was
alongside, had not been clearly understood. The MSDS was not in a language
understood by the master. Notwithstanding this language barrier, he decided to
proceed with the loading of the cargo, although it had been agreed beforehand that an
English version had to be provided to the ship.
There seemed to be several inconsistencies/ambiguity in the MSDS (Norwegian
language). Whereas Section 5 indicated that the substance / mixture was not
flammable, Section 10 cautioned that heat, open flames and other sources of ignition
should be avoided. It has to be stated, however, that since the master did not
understand the contents of the MSDS (and therefore was oblivious to the technical
content of the MSDS), this anomaly in the MSDS did not contribute to the accident
and the way the events developed.
The dangers of flammable gas release only became known to the crew members after
the accident - even because the results of the flammable gas measurements inside the
cargo tanks before the accident did not provide any indications of the hazards related
to this cargo. However, the explosion per se was indicative of the presence of
flammable gases. Even more, during the days following the accident, it was noticed
that agitation of the residues released flammable gases to the extent that hot work on
the main deck had to be suspended.
26

The Swedish Club‟s alert was related to PH3 gas, when used as a fumigant in the cargo holds of
bulk carriers during the carriage of dry cargo in bulk. In these cases, PH 3 gas is produced from
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Given that the presence and release of a flammable gas was factual, the safety
investigation had to doubt the chief mate‟s accuracy of the testing of the atmosphere
inside the cargo tanks before the accident (Annex 1). Moreover, considering that CH4
gas is lighter than air, the safety investigation had to exclude the possibility that
sampling of the atmosphere was taken at a too high point inside the ullage space.
The safety management system (SMS) did not address the particularities of this cargo.
This was also considered to be the result of lack of knowledge and awareness on the
related hazards. Moreover, the SMS had no instructions or guidance as to what
actions and measures the master should have taken on occasions when no MSDS is
provided to the ship. In fact, the only available guidance for the master in the SMS
was to tender a „Letter of Protest‟. To this effect, the SMS addressed a commercial
factor rather than a safety one.
Due to the combination of the factors just explained, the actual level of risk, which the
master had on board, as a result of the particular properties of the cargo, was unclear.
This is so because as a result of the lacking information, the master was unable to
conduct a proper risk assessment. Therefore, risk evaluation had been
compromised27.
2.4.1

Risk assessment

One of the main aims of risk assessments is to identify whether a system is acceptable
in its current state or changes in its parameters are required so that an acceptable
status is achieved.
However, risk assessment is only one process, which follows risk perception. As
already indicated in this section, the difficulty experienced by the crew members on
board Mar Cristina was immediately evident at the perception stage. Empirical
research in other domains on the subject matter demonstrates that hazard perception
comes from an array of factors, which range from detection to cognitive inferences.

Aluminium phosphide tablets.
27

Risk awareness would have already been jeopardised at this stage.
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These factors are listed below in order of strength:
perception of human senses;
comparison with standards;
perceptible events that could have been related to hazardous conditions; and
memory recall.
Mar Cristina crew members had none of these factors available until after the
accident happened and hence their ability to assess risk was also limited.
2.4.2

Anticipating risk

Mental models of particular situations are not necessarily developed by experience,
but also from the information provided28. In the absence of such information (and
experience), the company and crew members on board had a less rich mental model of
the situation and hence, were unable to conduct a systematic analysis of the
interaction between the crew, ship and its cargo.
A wrong mental model would have been activated, compromising risk identification
and management. To make the situation even more complex, the crew members were
not receiving any disconfirming cues and until the explosion, there were no visible
conditions on board, which would have alerted the crew members of any developing
dangers29. Thus, the analysis of the situation was compromised and neither the crew
members nor the management ashore were in an optimal position to predict (or
anticipate) potential developing hazards.
2.4.3

Decision-making

Decision-making is closely linked to risk awareness and assessment. In fact, the latter
two processes are an integral part of the decision-making process. Irrespective of the
fact that the master had loaded a cargo at a time when he had not yet been provided
with additional safety information, his decisions had been immediately conditioned by
this lack of data. As such, the master had to do real-time decisions in a dynamic
workplace environment.

28

Awareness and assessment are built on the basis of the mental model, which would have been
developed by the persons involved.

29

See sub-section 2.4.1.
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In simple terms, and for the purpose of this safety investigation, decision-making may
be represented in a linear flow diagram (Figure 24).

Figure 24: Simple decision-making model30

It has already been explained in this sub-section of the safety investigation report, that
the assessment of the situation (and the risk) had been compromised by lack of data.
As yet, as indicated in Figure 24, the assessment is a critical stage of the decisionmaking process. At a stage when the crew members on board should have been
engaged in efforts to understand the situation, they faced a situation where safety data
was lacking31.
There again, when the decision to load the cargo had been taken, the crew members
lacked cues, which would have potentially altered their approach. However, the
feedback from the prevailing context indicated no particular hazards, which would
have warranted drastic measures, such as, for instance, suspending the loading
operations.
30

Adapted from: Flin, R., O'Connor, P., & Crichton, M. (2008). Safety at the sharp end: a guide to
non-technical skills. Aldershot: Ashgate Publishing Limited.

31

The building of an accurate mental model requires the understanding of the situation.
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The only possible cue that would have indicated a potential problem was inside the
cargo tank where the chemical reaction had initiated. However, this was a weak cue
given that it was hidden to the crew members and not strong enough to be
immediately captured by any of them.
2.4.4

Accepting risk

Although the crew members had a situation on board, which compromised their
possibility to comprehend the true level of risk they were facing, they were not
oblivious to the potential risk related to the loading and carriage of this cargo. The
request for an MSDS and the LEL measurements inside the cargo tanks were two
indicators of the crew members‟ concern (at least to a certain extent).
Notwithstanding this concern, the cargo operation was initiated and hence a certain
(unknown) level of risk had been accepted.
Risk acceptance may follow risk assessment but this accident (and many others in
different domains) has demonstrated that it is not necessarily the case. Whilst such
decisions may be relatively easy for someone who is well experienced and trained, the
decision on whether or not a particular risk is to be accepted may become more
complex in novel situations.
As indicated in sub-section 2.4.1, perception depends on, inter alia, experience – be it
collectively shared or individually generated. Lacking this experience meant that the
crew members had limited information and were unable to respond to the risk –
irrespective of how serious it would have been. This is so because risk-acceptance is
an information-processing exercise, i.e. it depends vey much on the availability of
accurate information.
There are numerous empirical studies, which analysed the factors, that influence the
acceptance of risk. Depending on the context, coding and research question, several
factors had been identified. Individual common factors featured in multiple studies,
including knowledge of previously known risks. Other studies refer to the risk
homeostasis theory, which claims that people may accept higher level when they do
not feel threatened by the circumstances.
In other words, the master‟s decision to start loading the cargo was not merely an
action, which violated some established norm of the industry. Rather, during the
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course of the safety investigation, it became clear that the lack of cues in combination
with other data, which did not warrant major concern at the time, played an influential
role in the decision of the master to proceed with the loading of the drilling mud.
2.4.5

Carriage of drilling mud on type 2 chemical tankers

The generic carriage conditions for „liquid chemical wastes‟ as set out in chapter 17 of
the IBC Code allow the carriage by a type 2 chemical tanker. However, the carriage
on type 1 and /or the imposition of additional requirements would prevail if the
hazards of the matter would warrant this.
There was no evidence which suggested that the type of vessel contributed to the
accident in any way. Nonetheless, the above is clearly indicative of the importance to
fully understand the cargo and its (physical and chemical) properties.
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THE FOLLOWING CONCLUSIONS, SAFETY
ACTIONS AND RECOMMENDATIONS SHALL IN NO
CASE CREATE A PRESUMPTION OF BLAME OR
LIABILITY. NEITHER ARE THEY BINDING OR
LISTED IN ANY ORDER OF PRIORITY.
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3

CONCLUSIONS

Findings and safety factors are not listed in any order of priority.

3.1

Immediate Safety Factor

On a balance of probabilities, the cause of the explosion inside cargo tank no. 2 port
was the spontaneous combustion of a phosphine / air mixture, which ignited a
flammable methane / air mixture.

3.2
.1

Latent Conditions and other Safety Factors
Samples of drilling mud from each of the cargo tank contained high values of
methane-producing and methane-oxidising bacteria. The symbiotic metabolic
interaction between methanogenic and methanotrophic bacteria created
optimum conditions for the generation of CH4 and its release inside the cargo
tank;

.2

Samples of liquid and sludge contained levels of phosphorus, which were
relatively higher than one would expect to find in sea water;

.3

The presence of phosphine was the result of anaerobic bacterial decomposition
of the water-based drilling mud;

.4

Both the company and the crew members had limited knowledge on the hazards
associated with the carriage of this cargo;

.5

The crew members were unaware of the generation of flammable gases because
the H2S / LEL report compiled several hours before the explosion revealed 0%
LEL;

.6

The safety management manual neither addressed the particularities of this
cargo, nor the safety actions, which the master should have taken on occasions
when no Material Safety Data Sheet was supplied to the ship;

.7

Neither the company nor the ship had a clear understanding of the actual level
of risk on board. This lack of knowledge compromised risk evaluation and a
proper risk assessment;
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.8

The lack of available information to the company and the ship, in combination
with the lack of information on past sinister events involving this cargo,
contributed to a situation, which compromised the crew members‟ potential to
anticipate the hazardous developing situation;

.9

Given that risk acceptance is an information-processing exercise, the crew
members were unable to respond to risk and therefore a higher level of risk was
accepted, leading to the loading of the cargo.

3.3
.1

Other Findings
Although iron-reducing and sulphur-reducing bacteria were found in the
samples, thereby contributing to the production of Hydrogen sulphide gas, it
was concluded that this did not contribute to Pyrophoric oxidation;

.2

The Material Safety Data Sheet received on board was not in a language
understood by the master;

.3

Notwithstanding the lack of understanding of the Material Safety Data Sheet,
the master decided to proceed with the loading of the cargo, even if it had been
agreed beforehand with the Terminal that an English version of the Material
Safety Data Sheet would be supplied to the ship;

.4

The Material Safety Data Sheet had several inconsistencies / ambiguity.
Whereas one section indicated that the substance was not flammable, another
section cautioned that heat, open flames and other sources of ignition should be
avoided.
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4

ACTIONS TAKEN

4.1

Safety actions taken during the course of the safety investigation

Following the accident and with immediate effect, the owners have stopped the
carriage of water-based drilling mud on board company managed vessel. The
company has also taken the necessary measures to ensure that no cargo is accepted on
board if a Material Safety Data Sheet is not provided to the ship prior to the start of
the cargo operations, irrespective of the nature of the cargo to be loaded.

5

RECOMMENDATIONS

In view of the conclusions reached and taking into consideration the safety actions
taken during the course of the safety investigation,

Transport Malta’s Merchant Shipping Directorate is recommended to:
13/2012_R1

issue an Information Notice, highlighting the hazards associated with

the carriage of drilling mud.

Marexco S.A. is recommended to:
13/2012_R2

ensure that Material Safety Data Sheets are available on board and that

crew members are acknowledgeable as to their existence.
13/2012_R3

disseminate the findings of this safety investigation to all the crew

members serving on board their ships.
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ANNEXES
Annex 1

H2S / LEL Report
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Annex 2

32

Material Safety Data Sheet32

English and Norwegian versions.
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