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The National Institute for Occupational Safety and Health
has conducted an occupational exposure assessment study of
manganese (Mn) in welding fume of construction workers
rebuilding tanks, piping, and process equipment at two oil
refineries. The objective of this study was to evaluate exposures
to different Mn fractions using a sequential extraction proce-
dure. Seventy-two worker-days were monitored for either total
or respirable Mn during stick welding and associated activities
both within and outside of confined spaces. The samples were
analyzed using an experimental method to separate different
Mn fractions by valence states based on selective chemical
solubility. The full-shift total particulate Mn time-weighted
average (TWA) breathing zone concentrations ranged from
0.013–29 for soluble Mn in a mild ammonium acetate solution;
from 0.26–250 for Mn0,2+ in acetic acid; from non-detectable
(ND) – 350 for Mn3+,4+ in hydroxylamine-hydrochloride; and
from ND – 39 micrograms per cubic meter (µg/m3) for in-
soluble Mn fractions in hydrochloric and nitric acid. The
summation of all Mn fractions in total particulate TWA ranged
from 0.52–470 µg/m3. The range of respirable particulate Mn
TWA concentrations were from 0.20–28 for soluble Mn; from
1.4–270 for Mn0,2+; from 0.49–150 for Mn3+,4+; from ND –
100 for insoluble Mn; and from 2.0–490 µg/m3 for Mn (sum of
fractions). For all jobs combined, total particulate TWA GM
concentrations of the Mn(sum) were 99 (GSD = 3.35) and
8.7 (GSD = 3.54) µg/m3 for workers inside and outside of
confined spaces; respirable Mn also showed much higher lev-
els for welders within confined spaces. Regardless of particle
size and confined space work status, Mn0,2+ fraction was the
most abundant followed by Mn3+,4+ fraction, typically >50%
and ∼30–40% of Mn(sum), respectively. Eighteen welders’
exposures exceeded the ACGIH Threshold Limit Values for
total Mn (100 µg/m3) and 25 exceeded the recently adopted
respirable Mn TLV (20 µg/m3). This study shows that a welding
fume exposure control and management program is warranted,
especially for welding jobs in confined spaces.

Keywords manganese fractionation, petroleum refineries, shielded
metal arc welding (SMAW), stick welding, construc-
tion, welding

Address correspondence to Kevin W. Hanley, Industrywide Stud-
ies Branch, Division of Surveillance, Hazard Evaluations and Field
Studies, National Institute for Occupational Safety and Health,
Cincinnati, OH, 45226; e-mail: KHanley@cdc.gov

INTRODUCTION

The National Institute for Occupational Safety and Health
(NIOSH) has identified important research needs for

workers exposed to welding fume. The principal objective of
the Industrywide Studies Branch welding study is to evaluate
workers’ exposures to Mn in welding fume in multiple indus-
tries where appreciable levels of Mn occur, often associated
with mild carbon steel and stainless steel welding. The specific
aim is to identify the forms of Mn in welding emissions
collected in field settings by applying extraction methods
to measure different valence states based on solubility of
Mn compounds, utilizing industrial hygiene air sampling and
analytical methods.

The focus of this article is to report on site evaluations
of welding tasks associated with construction projects needed
to refurbish tanks, process vessels and piping systems at two
oil refineries. Three different construction projects were mon-
itored in 2010: an asphalt tank refurbishing job; a boiler
house and sewer piping construction job; and a refinery “turn-
around” project where the facility was shut down, processing
equipment and vessels were disassembled, inspected, and re-
built, if necessary. The vast majority of the hot work for these
construction jobs used shielded metal arc welding (SMAW)
on carbon steel. A few welders were also exposed to lesser
amounts of grinding dust as well as to fumes from gas metal arc
welding (GMAW) from gouging and torch cutting on carbon
steel, and from stick welding on stainless steel.
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Currently, occupational evaluation criteria for Mn are based
on chemical measurement of elemental, inorganic Mn without
further characterization of the Mn compound fractions. How-
ever, Mn in welding fume binds with many other elements,(1)

and Mn can exist in six valence states.(2) Although Mn neuro-
toxicity has been reported for many years, the mechanism is
not fully understood.(3) Archibald and Tyree(4) proposed that
Mn can produce varying toxicities contingent upon oxidation
state. Oberdoster and Cherian(5) reported that they believed
that Mn3+ and Mn4+ were the most toxic. However, the World
Health Organization(6) report that “little is known about the
relative toxicity of different Mn compounds.”

An in vitro study conducted by Chen et al.(7) examined the
effect of Mn oxidation state on some mitochondrial (Fe-S)
containing enzymes. Their results suggest that Mn3+ species
appear more cytotoxic than Mn 2+ compounds, possibly due
to higher oxidative reactivity. The rate of (saturable) Mn2+

transport through the blood-brain barrier is also believed to be
an important determinant of Mn neurotoxicity.(8) Transferrin-
mediated transfer is another proposed pathway into cellular
tissues; Mn is in the trivalent oxidation state when conjugated
with transferrin.(9) The olfactory nerve route, which directly
transports Mn from the nasal cavities to the olfactory bulb, is
also a factor for Mn deposition.(10,11)

Frequently, symptomatic workers have presented with Mn
accumulation in the brain in area(s) normally associated with
divalent Mn concentrations which may impact transport reg-
ulation.(3,12) The chemical and biological solubility of Mn
compounds is dependent on valence state but this is not well
(and easily) characterized with conventional analytical meth-
ods.(13) Roels et al.(14) noted that despite similar mean exposure
concentration (0.94 vs. 0.95 mg/m3) to total elemental Mn dust,
the mean levels of Mn in blood and urine of battery workers
exposed only to MnO2 were substantially lower than for work-
ers exposed to mixed salts and oxides; they proposed that this
may be due, in part, to different bioavailability of the absorbed
Mn oxides and salts. More research is needed to determine
critical information pertaining to welding exposures and the
risk of developing neurological effects. It is unclear how Mn
is absorbed in various chemical forms and valence states, how
much is bioavailable, and how it is distributed in humans.(15)

The paucity of occupational exposure studies regarding Mn
valence states served as the impetus of the present study to
evaluate welders’ exposures because the valence state of Mn
in welding aerosols may affect the transport of Mn across
cellular membranes, influence brain deposition, and may have
implications for Mn cytotoxicity and neurotoxicity.(7,16,17)

New methods for measuring Mn fractions were explored
in this research study by applying the sequential extraction
procedures reported by Thomassen et al.(18) and Ellingsen
et al.(19) for Mn fractionation; in those studies workers were
monitored for dust and fume exposures from raw materials,
intermediate materials, and finished products in the Mn alloy
industry in Norway. The Mn compounds one could expect with
this method in each extraction step include: (i) water soluble
Mn (in neutral 0.01M ammonium acetate – MnF2, MnCl2); (ii)

Mn0,2+ (in 25% acetic acid – Mn metal, MnO, Mn2+ part of
Mn3O4); (iii) Mn3+,4+ (in 0.5% hydroxylamine-hydrochloride
in 25% acetic acid – Mn3+ part of Mn3O4, Mn2O3, MnO2);
and (iv) insoluble Mn (in HCl-HNO3-HF acids – SiMn).(18–19)

At the Norway Mn alloy plants, none of the different areas
monitored were characterized by a single Mn fraction, and
Mn0,2+ was the most abundant oxidation state for both inhal-
able and respirable aerosols regardless of the production and
maintenance departments. Thomassen et al. concluded that it
is feasible to fractionate Mn compounds in Mn smelters. The
sequential leaching, inductively coupled argon plasma–atomic
emission spectroscopy (ICP-AES) procedure was critiqued
with Mn in welding fume by Berlinger et al.(20) using fixed area
sampling with Higgens-Dewell cyclones. X-ray diffraction
results did not fully confirm the ICP-AES data but, even
with this limitation, some data for different Mn compounds in
complex welding fume matrices may be useful for assessing
bioaccessibility.

BACKGROUND

Welding
Welding is an indispensable manufacturing activity in the

U.S. and throughout the world which exposes workers in a
multitude of industries. In excess of 300,000 US workers are
defined as welders, brazers and solderers,(21) most of which
are employed in the manufacturing, construction, energy, and
transportation sectors. This number does not include workers
in other job titles who may also perform welding as part of
their job tasks.

Approximately 100 different welding, thermal cutting, and
other allied processes exist.(22) The majority of welding opera-
tions are performed on low-alloy or carbon steels but stainless
steel may account for up to 5% of welding. Shielded metal arc
welding, commonly called ‘stick” welding, on mild carbon
steel is one of the most prevalent processes. Shielded metal
arc welding uses an electrical power supply to produce an
arc by grounding the work piece with a wire and clamp to
the electric supply unit and then striking it with a welding
rod, which is attached to an electrode cable of the welding
power source to form a closed circuit. The welding rods have
a coating over the metal rod that provides a flux shielding over
the molten metal pool to minimize oxidation of the weld by
the atmosphere and produce a strong joint between the metal
parts.

Welding fume is generated from the melting of the base
metal, electrode rods or filler wire, with the majority of the
fume being emitted from the consumable rod or wire.(23) As a
result of the high process temperatures, welding tasks expose
workers to gases such as carbon monoxide, ozone, and nitrogen
oxides as well as aerosol emissions composed of metals, metal
oxides, silicates and fluorides.(24–26) Occupational studies have
reported a number of work-related adverse health effects in
welders, such as lung disease and possibly neurological toxi-
city. Epidemiologic studies and case reports of welders have
shown an excessive incidence of acute and chronic respiratory
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diseases.(27) In a criteria document, NIOSH concluded that
exposure to welding fumes should be considered as a potential
occupational lung carcinogen.(25)

The effect of welding fumes on one’s health varies de-
pending on the duration and intensity of the exposure and the
specific emissions involved. The air contaminant content of
welding fumes depends on the composition of the welding
electrode or filler wire and base metal; the welding process
and operating parameters; the shielding gas; coatings or con-
taminants on the surface of base metal; use of anti-spatter
treatment; and effectiveness of ventilation. Mild carbon steels
are distinguished by relatively low carbon content; these types
of steel consist mainly of iron, carbon, and manganese, but may
also contain other elements. Stainless steels contain higher
levels of toxic metals in the metal alloy, such as nickel and
chromium, which are not typically present in mild carbon
steels.

The particle size of welding fume aerosol is variable but the
primary particle nodule is typically in nanometer sizes (i.e.,
<0.1 micrometer), which will form larger aggregates and ag-
glomerates, most of which are produced in sub-micron particle
sizes.(28–31) The size of the welding aerosol will determine the
location of particle deposition within the naso-pharnyx and
respiratory system; even the larger welding particle clusters
are typically of respirable sizes, much of which deposits in the
gas exchange regions of the lungs.

Manganese
There are many important industrial uses for manganese

(Mn); it is used in the steel and metal alloy industries; in
ceramic and glass products; in rubber and wood preservatives;
and in dry-cell alkaline batteries.(32) Manganese is a common
ingredient of many steels, welding rods, and filler wires to
impart strength, hardness, and ductility to the metal.(22)

The principal health effects of excessive occupational Mn
exposure are primarily neurological and respiratory effects in-
cluding irritation, metal fume fever, pneumonitis, and chronic
bronchitis.(32,33) Most notably, occupational exposure to ex-
cessive Mn concentrations can cause a Parkinsonism (i.e.,
manganism), a neurological syndrome with well-recognized
characteristics, most of which are movement disorders. These
may include neurological signs and symptoms such as poor
hand-eye coordination, slow movement and disturbed gait,
increased tremor, reduced response speed, mood disturbance,
and possibly memory and intellectual loss.(14,34–38) Manganism
is a progressive occupational disease which may develop grad-
ually over time, but it is often unrecognized until the worker
is irreversibly affected.(39)

Manganism has been reported in workers who had high Mn
exposures in ore mining and refining, ferroalloy production,
and the dry cell battery industries.(32) Yet the relationship
between chronic low level Mn exposure, including those as-
sociated with welding, and manganism is unclear because the
initial signs and symptoms may be subtle, sub-clinical neu-
robehavioral effects (i.e., mild abnormalities that may or may
not be recognized as a medical problem). Some recent stud-

ies of welders have shown neurological and neurobehavioral
effects from low level Mn exposures (<200 µg/m3) including
short-term memory loss, mood swings, altered reaction times,
and eye-hand coordination deficits.(40,41) However, the use of
neurobehavioral tests for epidemiological and risk assessment
studies is not universally accepted.(42–44) Santamaria et al.(15)

concluded that, for welders, interpretations of abnormal neu-
robehavioral tests are subjective and abnormalities found in
asymptomatic workers do not necessarily progress to clinical
disease.

Occupational Exposure Criteria
General occupational exposure limits (OELs) for total

welding metal fume mixtures have not been established by
NIOSH, OSHA, nor by the American Conference of
Governmental Industrial Hygienists (ACGIH). However,
OELs have been set for individual welding fume compo-
nents (e.g., iron, chromium, nickel, manganese, etc.), as full-
shift time-weighted average (TWA) concentrations. The OELs
available for Mn are inconsistent and the bases for establishing
these criteria are based on different potential acute or chronic
health effects. Currently, the NIOSH REL for Mn is an 8-
hr TWA of 1000 µg/m3, with a Short-Term Exposure Limit
(STEL) of 3000 µg/m3 over 15 min; these are based on central
nervous system effects and pneumonitis, respectively.(45) The
OSHA PEL for Mn is a ceiling limit of 5000 µg/m3 for pro-
tection against eye and respiratory irritation.(46) The ACGIH
TLV for inorganic Mn is 100 µg/m3, measured as an 8-hr
TWA for both Mn-dust and Mn-fume compounds.(47) The TLV
for Mn was established to reduce adverse pulmonary symp-
toms (e.g., coughing, shortness of breath, acute bronchitis);
central nervous system effects (e.g., preclinical psychomotor
abnormalities); and decreased male fertility.(32,48,49) In 2012,
ACGIH adopted a notice of intended change, which modified
the TLV for inorganic Mn from total to inhalable particle size
and includes a respirable Mn TLV of 20 µg/m3 measured
by an 8-hr TWA. For welding fume exposures, the sampling
of total Mn using closed-face filter cassettes approximates
the inhalable levels because of the very small particle size
distribution of the fume emissions. All of these OELs for Mn
are not specific to Mn in welding fume but are applicable to
all sources of Mn exposure.

METHODS

Seventy-two worker-days were monitored from several
welding areas throughout two petroleum refineries, both

within and outside of confined spaces, up on scaffolds or
equipment platforms with or without partial enclosures, in
trenches, and in open air environments at ground level. Full-
shift breathing zone (BZ) exposure concentrations were mea-
sured on each welder either for total or respirable airborne
welding fume over 8–12 hr work shifts. Personal air sampling
pumps were used at nominal flow rates of 2.5 L per minute
(lpm) for total particulate or 2.0 lpm for respirable particulate
aerosols.
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Total particulate samples were collected using 25-mm di-
ameter, 0.8 µm pore size, mixed cellulose ester (MCE) sam-
ple filters in closed-face cassettes. The filter cassettes were
attached on workers’ lapels close to their neck such that the
filter position was inside of their welding helmets when closed
in accordance with the ISO welding standard.(50) Respirable
particulate Mn samples were collected on 37-mm, 0.8 µm
pore size, MCE filters which were placed in a SKC Parallel
Particle Impactor R©, a respirable particle size selecting device
reported to more closely approximate the alveolar particle
deposition curve than cyclone samplers. The respirable sam-
ples were collected outside of the welding helmets since the
dimensions of the impactor precluded placement within the
helmet.

The cassette and impactor filters were transferred to 50-mL
polypropylene centrifuge tubes with 25-mL filter cup inserts
equipped with 0.2-µm polyvinylidene fluoride membranes and
prepared using a triplicate sequential extraction procedure:
(i) 10-mL of 0.01 molar (M) ammonium acetate at room
temperature for 90 minutes (extracts soluble Mn); (ii) 10-
mL of 25% acetic acid, heated at 75◦C for 90 min (extracts
Mn0 and Mn2+ valence state compounds); and (iii) 10-mL
of 0.5% hydroxylamine, hydrochloride in 25% acetic acid,
heated at 75◦C for 90 min (extracts Mn3+ and Mn4+ valence
state compounds).

The NIOSH extraction method modified the Thomassen
et al.(18) procedures by eliminating the fourth extraction step
due to its use of hydrofluoric acid, a very hazardous chemical.
For the turn-around reconstruction project, a fourth extraction
step was added to measure “insoluble” Mn remaining after
the first three extractions using the same digestion procedure
as published in NMAM 7303.(51) This was important so that
the summation of the Mn fractions would be more directly
comparable to published OELs and legacy data, and for inclu-
sion in the NIOSH Manual of Analytical Methods. The fourth
extraction procedure measures the remaining insoluble Mn
using three additional steps: (i) 2.5-mL of 12.1 M hydrochloric
acid, heated at 95◦C for 15 min and cooled; (ii) 2.5-mL of
15.6 M nitric acid added to the extract, heated at 95◦C for
15 min and cooled; and (iii) dilution to 25-mL with deionized
water.

Between each extraction step, the samples were spun in a
centrifuge; the extract was collected; and the filter cup was
transferred to a clean 50-mL polypropylene centrifuge tube.
The sample extracts were analyzed by ICP-AES using instru-
ment parameters described in NMAM 7303. The LODs were
0.003 µg/filter, 0.2 µg/filter, and 0.3 µg/filter, and 0.2 µg/filter
for soluble Mn; Mn0 and Mn2+; Mn3+ and Mn4+; and insoluble
Mn fractions, respectively.

Various exposure groups stratified by particle size, con-
struction projects as well as by working in confined space (at
least for part of the day) versus an outdoor environment were
compared using simple descriptive statistics. Assumptions of
normality were better met by taking logarithms of the TWA
exposure data for both groups of welders working inside and
outside of confined spaces. All statistical analyses were per-

formed using SAS Software (version 9.2, SAS Institute Inc.,
Cary, NC). Data were summarized by reporting the minimum,
maximum, geometric mean (GM) and geometric standard de-
viation (GSD). In the case of values below the LOD, the maxi-
mum likelihood(52) GM and GSD were calculated by analyzing
the log of the values in the PROC LIFEREG procedure of SAS
(9.3). In addition, the percent of the each Mn fraction to the sum
was calculated for each TWA measurement. These percentages
were also summarized by reporting minimum, maximum, ge-
ometric mean (GM) and geometric standard deviation (GSD),
using the maximum likelihood estimate in the case of values
below the LOD.

RESULTS

Boiler House and Piping
The welders’ full-shift TWA concentrations for total Mn

during boiler house and associated sewer piping construction
jobs are presented in Table I and Figure 1. Overall, the Mn data
ranged from 0.17–3.3 for soluble Mn; 0.26–38 for Mn0,2+; and
0.86–18 µg/m3 for Mn3+,4+ fractions. The summation of all
the total particulate Mn fractions yielded a GM (GSD) for the
boiler house workers of 12 µg/m3 (2.83).

All of the full-shift Mn TWA exposure levels for these
welders working on this project were well below the cur-
rent OSHA PEL for Mn (a ceiling limit of 5,000 µg/m3);
NIOSH REL (8–10 hr TWA of 1,000 µg/m3); and ACGIH TLV
(8-hr TWA of 100 µg/m3). However, many of the boiler house
welders were re-assigned away from hot work due to com-
peting construction priorities, resulting in a relatively light
production schedule. For those who did weld, often only two
to four hours of welding occurred for the entire work shift.
Hence, the TWAs for welders would have been higher if
their welding activities continued throughout the full work
shift.

Asphalt Tank
The worker’s full-shift BZ TWA concentrations for total

particle size Mn during asphalt tank project are presented
in Table I separately for work within and outside of this
large confined space. For those workers outside of the tank
(e.g., fire watcher, scaffolding set-up, roof cutting, stairway
construction), the total particulate Mn(sum) TWAs ranged
from 0.85–34 µg/m3, where the highest exposure occurred
when welding stairs on the tank exterior.

As one can expect, higher exposures to Mn usually occurred
when working inside rather than outside the tank, as shown in
Table I. The total particulate data observed from welders inside
of the tank for soluble Mn; Mn0,2+; and Mn3+,4+; and Mn(sum)
of the fractions ranged from 1.5–29; 0.93–250; 2.7–350; and
7.5–470 µg/m3, respectively. Moreover, the GM (GSD) was
110 µg/m3 (3.82) for welders working within the tank com-
pared to 6.9 µg/m3 (3.53) for those working outside. Some
of the exposure levels observed for confined space welding
substantially exceeded both the total and respirable Mn
ACGIH TLVs.
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TABLE I. Welders’ TWA Breathing Zone Concentrations of Total Particulate Manganese Fractions Measured
During Boiler House, Asphalt Tank, and Turn-Around Construction Jobs

TWA Concentration (µg/m3)

Mn Mn Mn Mn Mn
Projects Parameter (soluble) (0,+2) (+3,+4) (insoluble) (sum)

Boiler House No Confined Space Jobs n 18 18 18 n.a.A 18
Minimum 0.17 0.26 0.86 n.a. 1.3

GM (GSD) 0.79 (2.29) 5.7 (3.49) 4.2 (2.74) n.a. 12 (2.83)
Maximum 3.3 38 18 n.a. 57

Asphalt Tank No Confined Space Jobs n 7 7 7 n.a. 7
Minimum 0.21 0.58 0.06 n.a. 0.85

GM (GSD) 1.2 (2.67) 3.5 (3.67) 1.7 (5.33) n.a. 6.9 (3.53)
Maximum 3.9 25 6.8 n.a. 34

Turn-Around No Confined Space Jobs n 15 15 15 15 15
Minimum 0.013 0.50 NDB NDC 0.52

GM (GSD) 0.36 (3.97) 3.6 (3.82) 1.6 (5.01) 0.14 (9.80) 5.7 (4.31)
Maximum 2.4 30 23 3.9 59

Asphalt Tank Confined Space Jobs n 11 9D 11 n.a. 11
Minimum 1.5 0.93 2.7 n.a. 7.5

GM (GSD) 12 (2.41) 41 (6.31) 58 (4.49) n.a. 110 (3.82)
Maximum 29 250 350 n.a. 470

Turn-Around Confined Space Jobs n 6 6 6 6 6
Minimum 1.5 13 3.3 NDE 18

GM (GSD) 5.9 (2.56) 50 (2.58) 18 (3.37) 4.0 (7.09) 83 (2.74)
Maximum 26 210 52 39 320

An.a. = not applicable. Insoluble Mn was not analyzed for the first surveys (i.e., Boiler House and Asphalt Tank projects). The Turn-Around survey was conducted
6 months later; during the interim, the method was expanded to include insoluble Mn analysis via NMAM 7303 sample digestion procedures.
BND = non-detectable. Four samples were below the Minimum Detectable Concentration (MDC); censored data for all ND data were used to calculate GM using
maximum likelihood statistical method.
CNine samples were below the Minimum Detectable Concentration.
DTwo samples lost during sample preparation.
EOne sample was below the Minimum Detectable Concentration.

Respirable particle size full-shift Mn TWA concentrations
are summarized for five welders, as provided in Table II. Due
to rainy weather, all five welders were inside of the tank on the
same day during the monitoring of respirable Mn fractions.
The welder assistant was also inside most of the time grinding
seams, dry sweeping dust, and performing other tasks. The
range of the measured respirable Mn TWA concentrations were
from 7.0–28; 86–200; 18–150; and 60–380 µg/m3 for soluble
Mn, Mn0,2+, Mn3+,4+, and Mn (sum), respectively. The number
of welders within confined and enclosed spaces is a prominent
exposure determinant because welders are exposed to the fume
generated by their own work as well as by the increased
background concentration from the other welders. This was
visually apparent as the welding emission cloud within the
tank was noticeably heavier on this day when five workers, as
opposed to two or three, were working in the tank. The highest
TWA for total particulate Mn(sum) exposure (470 µg/m3 in
Table I) was also, in fact, observed from a sample on this day
when it rained.

Turn-Around
The third survey reported in this article evaluated welders’

exposures during a large “turn-around” project when the re-
finery was shut down and equipment was disassembled, in-
spected, and rebuilt, if necessary. The data were combined
for five construction contractors’ welders who participated in
this monitoring survey. Two of the contractors specialized in
process vessel and tank reconstruction, which entailed most of
the confined space work.

Overall, the total particulate Mn(sum) TWA concentrations
(µg/m3) measured during the turn-around jobs ranged from
0.52–320 µg/m3 (see Table I). The wide variability of these
data (i.e., over three orders of magnitude) demonstrates the
diverse nature of these construction activities due to different
work locations, tasks and welding arc times. As seen with
the previous construction projects, higher exposures to all Mn
fractions occurred when working inside rather than outside
of confined spaces, as presented in Table I. Geometric mean
exposure concentrations (µg/m3) and (GSD) of total Mn(sum)
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FIGURE 1(a–f). Welders’ TWA breathing zone concentrations of total and respirable particulate manganese fractions outside and inside of
confined space during boiler house, asphalt tank, and turn-around projects

were 5.7 (4.31) and 83 (2.74), respectively, for outside vs.
inside confined space welders. The dramatic difference in
exposure levels of welders outside of confined space is graph-
ically shown in Figure 1 using an exposure scale one-eighth

of that provided for workers with confined space entry. All
of the full-shift Mn TWA exposure levels of workers without
confined space entry were below the OELs for Mn established
by OSHA and NIOSH. However, three of the highest exposure
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TABLE II. Welders’ TWA Breathing Zone Concentrations of Respirable Particulate Manganese Fractions
Measured During the Turn-Around and Asphalt Tank Projects

TWA Concentration (µg/m3)

Mn Mn Mn Mn Mn
Projects Parameter (soluble) (0,+2) (+3,+4) (insoluble) (sum)

Turn-Around No Confined Space Jobs n 10 10 10 10 10
Minimum 0.20 1.4 0.49 NDA 2.0
GM (GSD) 0.74 (2.27) 5.9 (2.11) 3.2 (3.17) 0.11 (14.9) 11 (2.59)
Maximum 3.1 20 16 14 32

Asphalt Tank Confined Space Jobs n 5 5 5 n.a.B 5
Minimum 7.0 86 18 n.a. 60
GM (GSD) 16 (1.67) 110 (1.46) 94 (1.52) n.a. 180 (1.98)
Maximum 28 200 150 n.a. 380

Turn-Around Confined Space Jobs n 4 4 4 4 4
Minimum 4.1 76 44 1.5 130
GM (GSD) 8.4 (2.03) 110 (1.87) 70 (1.39) 14 (6.08) 210 (1.80)
Maximum 22 270 95 100 490

AND = non-detectable. Six samples were below the Minimum Detectable Concentration (MDC); censored data was used for all ND data to calculate GM using
maximum likelihood statistical method.
Bn.a. = not applicable. Insoluble Mn was not analyzed for the Asphalt Tank project. The Turn-Around survey was conducted 6 months later; during the interim,
the method was expanded to include insoluble Mn analysis via NMAM 7303 sample digestion procedures.

levels that were measured within confined spaces (120; 150;
320 µg/m3) did exceed the ACGIH TLV for total particulate
Mn (100 µg/m3).

Respirable particulate Mn TWA concentrations for fourteen
turn-around workers, stratified by confined space work status,
are provided in Table II. Respirable Mn(sum) measured during
the no confined space turn-around jobs ranged from ranged
from 2.0–32 µg/m3 with a GM of 11 µg/m3 (GSD = 2.59).
Three out of ten respirable Mn measurements collected from
jobs outside confined spaces exceeded the ACGIH TLV for
respirable Mn of 20 µg/m3 and another sample (19 µg/m3)
nearly exceeded it.

For those welders working within confined spaces during
the turn-around project (n = 4), the respirable Mn exposure
concentrations (µg/m3) provided in Table II were from 4.1–22
for soluble Mn; from 76–270 for Mn0,2+; from 44–95 for
Mn3+,4+; from 1.5–100 for insoluble Mn; and from 130–490
for Mn(sum). All four Mn(sum) concentrations substantially
exceeded the ACGIH respirable Mn TLV. In fact, the GM
for confined space welders (210 µg/m3; GSD = 1.80) was
ten times greater than the respirable Mn TLV. Moreover, as
depicted in Table II and Figure 2, each exposure concentration
for Mn0,2+ and Mn3+,4+ fractions were also over the TLV by
at least double. All of the confined space respirable Mn(sum)
levels also exceeded the TLV (100 µg/m3) for total (inhalable)
Mn particulate.

DISCUSSION

Workers’ inhalation exposures presented in this study
were affected by variable weather conditions (e.g., rain,

drizzle, mist, wind), and welding locations and conditions
(e.g., inside confined spaces such as tanks and process vessels;
10–50 ft [3.0–15 m] above ground on a platform, scaffold or
lift; ground level in open air; or in trenches 4-6 ft [1.2–1.8 m]
deep). Some of the jobs monitored in this survey varied each
day, requiring different amounts of set-up and welding arc
times. Often welders were re-assigned away from welding
tasks due to competing construction priorities, such as erecting
scaffolding, disassembly/assembly of process equipment, or
awaiting work orders pending inspection decisions. Hence,
some of the TWAs for welders would have been higher if their
welding activities continued throughout the full work shift.
Wide variability between exposure concentrations is typical
when measuring welders’ exposures in outdoor and confined
space construction environments, as noted with these data,
which range over three orders of magnitude.

Analyzing the Mn fractions with the sequential digestion
procedure is currently an experimental method. As such, the
OELs from NIOSH, OSHA, and ACGIH are not directly rele-
vant to the Mn fractions because the OELs are published for all
of the inorganic Mn, measured as elemental Mn. Occupational
exposure limits for evaluating the specific Mn fractions have
not been established. Summing the component Mn fractions,
however, may approximate the full (“total”) elemental Mn
concentration, which may be applied to the respective OEL and
used for comparison to legacy data. For the samples analyzed
with the triplicate sequential extraction method used in the
boiler house and asphalt tank projects, this approximation
slightly underestimates the true concentration because some
of the insoluble Mn compounds not analyzed with the tripli-
cate sequential extraction method could be extracted by the
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FIGURE 2. Comparison of total vs. respirable particulate TWA breathing zone concentrations of manganese fractions for all confined space
jobs

HCl-HNO3 acid/hot plate dissolution of NMAM 7303, the
fourth step in the expanded extraction procedures. However,
the quantities of insoluble Mn concentrations were substan-
tially lower [GM = 7.9% of Mn(sum-4)] than those observed
with the combined Mn0,2+ and Mn3+,4+ [GM = 86% of
Mn(sum-4)] analyses as was observed in the full turn-around
data set.

The total particulate breathing zone air samples collected
during this survey were initially placed inside of the welding
helmets in accordance with the International Organization for
Standardization.(50) Monitoring within the helmet air space
generally would collect lower levels of air contaminants.(53,54)

unless the welder was exposed to high concentrations within
a confined space.(55) However, due to the difficult nature to
maintain the filters inside of welding helmets, particularly
when welders frequently remove and reposition their helmets
and move sampling filters, it is uncertain if the filters remained
within the air space of the helmet when used throughout the en-
tire work shift. Constant surveillance by the industrial hygiene
survey team was not possible when multiple welders were
simultaneously monitored in disperse locations throughout
the two refineries within secured construction zones, includ-
ing limited access work locations such as elevated platforms,
scaffolding and lifts, and inside confined spaces.

It has been shown that the majority of particles associated
with welding fume emissions are of respirable sizes, most of
which are sub-micrometer.(28–31) Thus, air samples collected
in welders’ breathing zones with total particulate size filter
cassettes may provide a reasonable estimate of respirable Mn
exposure. Figure 2 compares all of the exposure measurements
obtained with welders inside the process vessels and tanks,
for both total (n = 17) and respirable (n = 9) particulate
aerosol, which shows that exposure levels and patterns of the
Mn fractions and Mn(sum) appear quite similar, even though
respirable samples were collected outside of and total sam-
ples were collected within welding helmets. However, after
statistical analysis of the total versus respirable Mn from all
confined space jobs, the soluble Mn (p = 0.489) and Mn(sum)

(p = 0.103) were essentially the same but the Mn0,2+ (p =
0.044) and Mn3+,4+ (p = 0.059) fractions were statistically
different. Despite these differences, the finding that Mn(sum)
total and respirable Mn medians were the same is consistent
with the report by Harris et al.(55) which concluded that total
and respirable welding fume concentrations were essentially
the same using SMAW within an enclosed space and inorganic,
elemental Mn ICP-AES analyses via NMAM 7300.(51) This is
due to the inability of NMAM 7300 to distinguish different
Mn fractions but the summation of the fractions using the
sequential extraction procedure should provide comparable
results with those of inorganic, elemental Mn analyses by
ICP-AES.

In addition to welding fume, grinding dust particles may
be collected in the breathing zone samples as this task is
associated with welding to prepare joints and welding beads
before welding, as well as to bevel and inspect the joint.
Grinding dust produces a larger particle size distribution than
welding fume but could still contain respirable particulate.
Moreover, given that the welders in this study spent consid-
erably more time welding than grinding, one could expect
that their exposures to respirable Mn would be appreciable.
Indeed, this was observed with these data sets, as many of the
respirable measurements collected during the refinery asphalt
tank and turn-around vessel reconstruction jobs were in excess
of an order of magnitude above the new respirable Mn TLV,
which was adopted a few years after sample collection for this
study.

This article presents data regarding Mn fraction distribu-
tions for SMAW primarily on mild carbon steel using 7018
(5.4% Mn) and 6010 (1.4% Mn) welding rods with three
different construction projects which included open air, par-
tial enclosure, and confined space welding. None-the-less,
the pattern of median Mn exposures to total particle size
Mn showed that the ordinal ranks were consistent for the
boiler house, asphalt tank, and turn-around projects: Mn0,2+

> Mn3+,4+ > soluble Mn (refer to Figures 1 and 2). For the
turn-around project, the median respirable Mn exposures also
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TABLE III. Geometric Mean Ratios of Mn Fractions to Mn (sum) for All Projects Combined Stratified by
Confined Space (CS) Jobs and by Particle Size

Total Particulate Respirable Particulate
Both Total and

Respirable Particulate

Project Parameter n (n < LOD) GM (GSD) n (n < LOD) GM (GSD) n (n < LOD) GM (GSD)

All Projects Sol Mn:Mn(sum) 36 (0) 0.07 (1.70) 10 (0)B 0.07 (1.73) 46 (0) 0.07 (1.70)
Non-CS Jobs Mn(0,2+):Mn(sum) 36 (0) 0.55 (1.36) 10 (0) 0.57 (1.30) 46 (0) 0.55 (1.35)

Mn(3+,4+):Mn(sum) 36 (4)A 0.33 (1.51) 10 (0) 0.31 (1.43) 46 (0) 0.32 (1.49)

All Projects Sol Mn:Mn(sum) 17 (0) 0.09 (1.68) 9 (0) 0.07 (1.54) 26 (0) 0.08 (1.66)
CS Jobs Mn(0,2+):Mn(sum) 17 (0) 0.49 (1.75) 9 (0) 0.51 (1.18) 26 (0) 0.50 (1.59)

Mn(3+,4+):Mn(sum) 17 (0) 0.36 (1.77) 9 (0) 0.44 (1.39) 26 (0) 0.39 (1.66)

All ProjectsC Sol Mn:Mn(sum) 53 (4) 0.08 (1.71) 19 (0) 0.07 (1.64) 72 (4) 0.07 (1.69)
Both Non- and

CS Jobs
Mn(0,2+):Mn(sum) 53 (4) 0.53 (1.50) 19 (0) 0.54 (1.26) 72 (4) 0.53 (1.44)
Mn(3+,4+):Mn(sum) 53 (4) 0.34 (1.61) 19 (0) 0.36 (1.47) 72 (4) 0.35 (1.57)

AFour samples were below the Minimum Detectable Concentration (MDC); censored data was used to calculate GM using maximum likelihood method.
BOnly the Turn-Around project survey collected respirable Mn outside of confined spaces.
CThe Boiler House project only had non-confined space jobs and total Mn particulate included in these data.

demonstrated this same ordinal ranking for jobs both outside
and inside confined spaces (Figure 2), and the soluble Mn
and insoluble Mn levels were very low and nearly identical.
The predominant Mn0,2+ oxidation fraction that was observed
here is consistent with that found in the Mn alloy plants in
Norway.(18,19)

Although the present study cannot distinguish specific Mn
compounds from the breathing zone samples, nearly 90% of
the extracted Mn was measured in the 0,2+ (∼53%) and
3+,4+ (∼36%) valence fractions (see Table III). This suggests
that SMAW at these construction jobs contained appreciable
quantities of Mn compounds with these valence states, pos-
sibly MnO, Mn3O4, Mn2O3, or MnO2 (per Thomassen et al.,
Ellingssen et al.).(18,19) Mixtures of Mn compounds are bound
with iron (Fe) and other elements in the complex welding
fume matrix. In a chamber study using 7018 welding rods and
multiple analytical techniques, Jenkins and Eagar found that
SMAW on mild steel produced both a mixed alkali-fluoride
phase and Fe-Mn oxide spinel phase that were predominately
in the 2+ and 3+ valences; metal cations were approximately
27% Fe, 10% Mn, 10% S, 28% K, and 25% Ca. If present in the
fume particle shell, the mixed alkali-fluoride phase probably
would be extracted in the soluble Mn fraction.

In addition, the percent of each Mn fraction to the Mn(sum)
was calculated for each separate total and respirable particulate
TWA measurement. These percentages are summarized in
Table III by reporting minimum, maximum, geometric mean
(GM), and geometric standard deviation (GSD) for these ra-
tios, combined for all three construction projects, and stratified
by confined space status and by particle size. For the turn-
around project, the fourth Mn fraction was removed for the
ratio calculation so that the data was consistent with the other
two projects. Again, the same ordinal rank was observed (i.e.,

Mn0,2+ > Mn3+,4+ > soluble Mn) with Mn0,2+ in excess of
50% in all cases but one; Mn3+,4+ ranged from 31–44% and
soluble Mn from 7–9%. All of the GSDs were 1.77 or less
demonstrating relatively low variability.

The bio-accessibility and potential for neurotoxicity of Mn
has been proposed to be influenced by several physiochemical
parameters including particle size; chemical composition and
solubility; and surface area and reactivity.(1,13) The biological
solubility, distribution, accumulation and elimination of this
transition metal, determined by its oxidation state,(3,8) un-
derscores the importance of measuring the Mn particle size
and fractions based on valence states, to which welders are
exposed, as shown in this article.

CONCLUSIONS

The sequential extraction analysis of Mn fractions has
demonstrated, with shielded metal arc welding on mild

carbon steel, that welders’ are exposed to appreciable levels
of respirable Mn in several oxidation states with the vast
majority (85–90%) existing in the Mn0,2+ and Mn3+,4+ valence
states. Moreover, the prevalence patterns of Mn fractions were
quite consistent. Mn0,2+ fractions were observed in the highest
quantities and Mn3+,4+ levels were much higher than those for
soluble and insoluble Mn. The Mn fractional data discovered in
this study may have future research implications regarding the
health risk assessment of welders and other workers exposed
to Mn compounds.

Although all of the welders’ exposures were measured
below the OSHA regulatory PEL and NIOSH REL, there
were numerous instances when their exposures exceeded the
ACGIH TLV for total Mn and the newly adopted ACGIH TLV
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for respirable Mn, especially for those welding within confined
spaces. Since the signs of manganese toxicity may initially be
sub-clinical, and may possibly become irreversible, workplace
exposures to Mn and welding fume should be controlled to
reduce the risk of chronic disease. Moreover, in the 1988
NIOSH criteria document addressing welding fume, NIOSH
concluded that welders were potentially at risk for developing
acute and chronic respiratory effects, possibly including lung
cancer; as such, NIOSH recommended in that document that
exposures to the chemical agents associated with welding
be minimized. Moreover, given the very low criteria of the
recently adopted TLVs by ACGIH, the construction indus-
try will be challenged to reduce welders’ exposures below
these recommended levels, particularly for respirable Mn when
welding within confined spaces.
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