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Aerosol mapping was used to assess particle number and mass concentration in an engine
machining and assembly facility in the winter and spring. Number and mass concentration
maps were constructed from data collected with two mobile sampling carts, each equipped with
a condensation particle counter (10 nm < diameter < 1 mm) and an optical particle counter
(300 nm < diameter < 20 mm). Number concentrations inside the facility ranged from 15 to
150 times greater than that outside the facility and were highly dependent on season. The
greatest number concentration (>1 000 000 particles cm�3) occurred in winter in an area where
mass concentration was low (<0.10 mg m�3). The increased number of particles was attributed
to the exhaust of direct-fire, natural-gas burners used to heat the supply air. The greatest mass
concentrations were found around metalworking operations that were poorly enclosed. The
larger particles that dominated particle mass in this area were accompanied by ultrafine
particles, probably generated through evaporation and subsequent condensation of metalwork-
ing fluid components. Repeatmapping events demonstrated that these ultrafine particles persist
in workplace air over long time periods.
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INTRODUCTION

Over the past 10 years, efforts to assess and control

airborne metalworking fluid mist have generally

reduced airborne mass concentrations in machining

facilities (Leith et al., 1996; Thornburg and Leith,

2000;Yacheretal.,2000;Gauthier,2003;Stear,2003).

However, the machining of metals remains a poten-

tially hazardous occupation. Workers involved in the

machining of components for vehicles, for example,

have a 6-fold greater incidence of occupational illness

than the average American worker (BLS, 2004).

Recent epidemiological and toxicological studies

suggest that adverse pulmonary health outcomes are

associated with freshly generated ultrafine particles

(diameter < 100 nm) (Oberdörster, 2001; Donaldson

et al., 2002; Oberdörster et al., 2002; Englert, 2004;

Gilmour et al., 2004). For non-soluble particles, these

outcomes have been shown to correlate more strongly

with particle number (Oberdörster et al., 1996; Peters

et al., 1997) or surface area concentration (Donaldson

et al., 2000) than with particle mass concentration.

‘Hot’ processes are known to generate ultrafine par-

ticles (Vincent and Clement 2000), which in machin-

ing facilities range from welding (Ross et al., 2004),

to heat treating (Portela et al., 2001), to high-speed

machining (Thornburg and Leith, 2000). Since

the mass of ultrafine particles is often negligible

compared to the mass of fine and coarse particles

(Maynard, 2003), reduction in mass concentration
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is not necessarily sufficient to protect the health of

workers.

Little is known regarding the spatial and temporal

variability of worker exposure to ultrafine particles,

even though handheld portable instruments for mea-

suring ultrafine particle concentrations have recently

become available. These instruments include con-

densation particle counters (CPCs) that measure par-

ticle number concentration (Brouwer et al., 2004) and

diffusion chargers that measure particle surface area

concentration (Mohr et al., 2005). While these instru-

ments are both field-portable and rugged, provide

visual output in near-real time and may be set up

to log data in intervals as short as 1 s, a combination

of cost and physical size currently restrict their use

for personal sampling.

These instruments might be used, however, in con-

junction with aerosol mapping techniques to improve

our understanding of ultrafine particle sources and

concentrations in the workplace. Aerosol mapping

involves measuring particle concentrations through-

out a facility and then relating these data through

maps (d’Arcy and Elliot, 2001). d’Arcy and Elliot

(2001) have used maps of mass concentration mea-

sured with aerosol photometers to identify sources of

mist in metalworking facilities and to evaluate the

effectiveness of control measures. O’Brien (2003)

used a mapping technique to document conditions

before and after measures were implemented to

control mist exposures in a machining facility.

The objectives of this work were 2-fold: (i) to

develop a method of mapping that uses real-time

instruments to assess fine and ultrafine particle con-

centrations in an industrial facility; and (ii) to use this

method to compare particle number and mass con-

centrations in an engine machining and assembly

facility. A companion manuscript will relate the num-

ber and mass concentrations presented here with data

from a surface area monitor, an aerosol photometer,

and regulatory filter-based samplers.

METHODS

Engine machining and assembly facility

As shown in Fig. 1, the engine machining and

assembly facility that was the location of this study

encompassed over 100 000 m2 in three primary work

areas: the cam-crank area; the block-head-rod area;

and the assembly area. Generally, these areas were

open to each other without walls. The cam-crank area

was heated by steam radiators, and the machining

operations were ventilated with relatively old,

loose-fitting enclosures. These enclosures had been

retrofitted from previous use in the facility through

cycles of renovation and replacement. In the block-

head-rod and assembly areas, machining operations

were ventilated with state-of-the-art exhaust

enclosures that had been installed in 2001. However,

heat in those areas was supplied by a pre-existing,

direct-fire, natural gas heating system. The facility

was producing �1000 6-L, diesel engines per day

during the period that measurements were conducted.

Sampling equipment

Two mobile sampling carts were set up to measure

particle concentrations in the workplace. Shown in

Fig. 2, each cart held a CPC (Model 3007, TSI Inc.,

Shoreview, MN), an optical particle counter (OPC,

PDM-1108, Grimm, Ainring, Germany), a diffusion

charging-based surface area monitor (DC, DC2000-

CE, EcoChem Analytics, League City, TX), and an

aerosol photometer (DustTrak, Model 8520, TSI,

Shoreview, MN). The CPC was used to measure par-

ticle number concentration integrated for particles

that ranged 10 nm to 1 mm in diameter. Aerosol enter-

ing the CPC was diluted by a filter (6702–7500,

Whatman Inc., Florham Park, NJ) with a hole

(diameter = 0.040 cm) drilled into its end cap. Dilu-

tion was necessary to maintain the number concen-

tration below the upper measuring limit (100 000

particle cm�3) of the CPC. The OPC measured par-

ticle number concentration in 15 channels that ranged

from 0.3 to 20 mm in diameter. Each cart also held

Fig. 1. Facility layout of the engine machining and
assembly facility.

Fig. 2. Mobile sampling cart.
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three filter-based, mass samplers: a PM-1 sampler

(4 lpm, PM200-4-2.5 operated with 2 of the

10 holes covered to provide a 1-mm cutpoint, MSP,

St. Paul MN); a PM-2.5 sampler (4 lpm, PM200-4-

2.5, MSP, St. Paul MN); and a respirable sampler

(4.2 lpm, GK2.69 Respirable Cyclone, BGI,Waltham

MA). Battery-operated pumps (Universal Sampler

pumps, Model 224-PCXR4, SKC, 84 Pa) were

used to draw air through the filter-based, mass sam-

plers at their specified flow rates.

Output from the real-time particle instruments was

collected with a software program written in Visual

Basic (Microsoft Corp., Redmond, WA) that ran on

a laptop computer. All equipment was powered with

electricity from a deep-cycle marine battery that was

passed through a power inverter. This manuscript

presents data from the CPC and OPC only; data col-

lected with the filter-based samplers, the aerosol pho-

tometer, and the DC will be presented in a companion

publication.

Aerosol mapping

Data collection. Five data collection events were

performed: four different days during one week in

winter (December 2004); and one day in spring

(March 2005). A sampling grid—the locations within

the facility where data collection was to occur—was

established for each event from detailed floor plans to

cover themajor work areas in the facility. Most events

were conducted using a coarse sampling grid with

between 59 and 102 sampling locations each. One

of the events in winter was conducted using a fine

sampling grid, with 192 locations distributed through-

out the facility. The maps constructed with fine-grid

data were compared to those from coarse-grid data to

assess the adequacy of the spatial resolution of data

collection.

Prior to each event, all instruments were warmed up

for a minimum of 30 min. The two carts were placed

side-by-side and the output from like instruments was

confirmed to be within 10% of each other. The dilu-

tion factor (DF) for the filter on the inlet of each CPC

was then determined in an area where particle number

concentration was <100 000 particle cm�3. One-

minute-averaged particle number concentration was

measured using the CPC with (W) and without (WO)

the dilution filter present in the following pattern:

WO–W–WO–W–WO–W. The DF for each CPC

was then estimated by dividing the arithmetic

mean of the three number concentration measure-

ments made without by that made with the dilution

filter present. Dilution ratios were measured before

and after each mapping exercise and varied <10%
over the course of the study.

Each cart was then independently moved to a loca-

tion on the sampling grid and the following proce-

dures were performed. The program on the laptop

computer was prompted to collect data averaged

over a period of 1 min from each of the real-time

instruments. The program then logged the 1-min-

averaged data, the time, and the user-input position

within the facility. Position was determined using the

numbers on the steel columns supporting the building

structure, which were evenly spaced throughout the

facility. The cart was then moved to the next location

on the sampling grid, and the data collection proce-

dure was repeated until data were collected at all

locations of the sampling grid. Data collection for

each mapping event took �2 h.

Map construction. For each location, ultrafine

number concentration (N) was estimated as:

N ¼ NCPC DF �
Xi ¼ 5

i ¼ 1

NOPC;i ð1Þ

where NCPC is the number concentration indicated by

the CPC and NOPC,i is the number concentration indi-

cated by the OPC for a given channel, i. The first

channel of the OPC included particles >300 nm, while

the fifth channel included particles <1 mm, which

corresponds with the upper detection limit of the

CPC. The OPC number concentration subtracted

from the CPC data in equation (1) was on average

<2% of N.

Respirable mass was estimated as:

M ¼ p
6
d3CPC rNSR dCPCð Þ

þ
X15

i¼1

p
6
d3mid;i rNOPC;i SR dmid;i

� �
ð2Þ

where dCPC is the assumed midpoint diameter of the

CPC data, r is the particle density, SR is a function for

the fraction of respirable mass as described by

Maynard and Jensen (2001), dmid,i is the midpoint

diameter of the OPC channel, i. The midpoint diame-

ter of the CPC was assumed to be 150 nm for this

work. On average, the OPC accounted for >97% of

the mass concentration calculated using equation (2).

Mapping software (Surfer, Golden Software,

Golden, CO) was used to construct number and

mass concentration maps for each event. The soft-

ware was used to first convert data into a uniform grid

using a point, Kriging method with a zero-order poly-

nomial drift. Kriging is a geostatistical gridding

method that produces regularly spaced data from

irregularly spaced data. The software was then

used to display the uniformly gridded data as number

and mass concentration aerosol maps.

Supply air sampling

The supply air for the block-head-rod area was

sampled during the spring study. As shown in

Fig. 3, a sampling cart was placed in one of six
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air-handling units, each of which supplied 24 m3

min�1 (50 000 cfm) of conditioned air to this area.

Dampers were adjusted to alter the ratio of air brought

in from outdoors to that recirculated from the facility.

An 8-foot, horizontal bank of natural-gas burners

heated the air. The tempered air with the exhaust

gasses from the burners passed through ducts to sup-

ply grilles located on the ceiling of the block-head-

rod area. The other cart was positioned on the facility

floor directly under a grille that supplied air from that

air-handling unit.

The software program on each sampling cart was

configured to collect data from the real-time instru-

ments in 6-s intervals, average these data over 1 min,

and store the averaged data. Data were collected with

the air-handling unit at 100% outdoor air and at 20%

outdoor air, and with the burners on and off. Number

and mass concentration were then estimated for each

condition using equations (1) and (2), respectively.

Statistical analysis

For aerosol mapping, the overall geometric mean

(GM) and geometric standard deviation (GSD) of

number and mass concentration for each area and

each season were calculated. For data collected in

winter, the GM number and mass concentrations

were calculated by area and by event. One-way

ANOVA was performed to test the hypothesis that

the GM number concentration was statistically dif-

ferent between areas. Similar analysis was performed

for GM mass concentration. For supply air sampling,

GM and GSD of number andmass concentration were

calculated for data grouped by burner status and

percentage outdoor air. T-tests were conducted to

compare GM values. All statistics were carried out

with statistical software (Release 14.1, Minitab, State

College, PA).

RESULTS

Aerosol mapping

Table 1 presents a summary of the data observed

during mapping in winter and spring. Figure 4

presents number concentration maps and Fig. 5 pre-

sents mass concentration maps, all constructed from

data obtained during the winter. Each map shown in

Figs 4 and 5 corresponds to a single data collection

event, during which both number and mass concen-

tration were measured, so the data required to pro-

duce Fig. 4A were collected simultaneously with that

required to produce Fig. 5A and so forth. Fig. 6 pre-

sents number and mass concentration maps of data

obtained during the spring. Each measurement loca-

tion is marked with a ‘+’ symbol in Figs 4, 5, and 6.

Winter. The number concentration maps from

winter (Fig. 4) show similar visual patterns, appearing

fairly homogeneous within the block-head-rod and

cam-crank areas. However, the number concentration

within the block-head-rod area (GM = 831 000 par-

ticle cm�3) was substantially and statistically greater

than the cam-crank area (GM = 318 000 particle

cm�3; P < 0.001). In the assembly area, number con-

centration ranged from 1 000 000 particle cm�3 in the

region adjacent to the block-head-rod area to

<400 000 particle cm�3 near the outer walls of the

facility. ANOVA analysis confirmed that variability

in number concentration between areas was statisti-

cally greater than that within areas (F = 21.7; P <
0.001).

The mass concentration from winter (Fig. 5) exhib-

ited more differences between maps than did number

concentration (Fig. 4). These differences were most

evident in the cam-crank area, where mass concen-

tration (Table 1; GM = 0.180 mg m�3) and variability

(GSD = 2.39) were greatest. This variability can be

seen in Fig. 5, where the mass concentration in the

cam-crank area was <0.3 mg m�3 during the first two

winter events (Fig. 5AandB)but exceeded0.5mgm�3

during the second two winter events (Fig. 5C and

D). Compared to the cam-crank area (GM =
0.180 mg m�3), mass concentration was statistically

Fig. 3. Schematic diagram of the air-handling unit.

Table 1. Summary of concentrations observed during
mapping

Data set Number
concentration

Respirable mass
concentration

n GM (GSD)
particle cm�3

n GM (GSD)
mg m�3

Winter

Assembly 64 318 000 (1.71) 64 0.015 (2.06)

Block-head-rod 183 831 000 (2.01) 178 0.036 (1.93)

Cam-crank 170 318 000 (2.04) 150 0.180 (2.39)

All 417 484 000 (2.29) 392 0.057 (3.37)

Spring

Assembly 19 143 000 (1.41) 19 0.022 (1.87)

Block-head-rod 38 172 000 (1.72) 38 0.056 (2.20)

Cam-crank 35 290 000 (1.28) 35 0.196 (1.80)

All 92 202 000 (1.65) 92 0.074 (2.94)
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and substantially less in the block-head-rod (GM =
0.036 mg m�3; P < 0.001) and assembly areas (GM =
0.015 mg m�3; P < 0.001). ANOVA results con-

firmed that the GMs of mass concentration between

areas were statistically different (F = 56.7; P < 0.001).

Spring. The number concentration map from the

spring (Fig. 6A) was strikingly different from those

of the winter (Fig. 4A–D). Most notably, the block-

head-rod area’s GM number concentration in spring

(Table 1; GM = 172 000 particle cm�3) was 4.8

times less than in winter (GM = 831 000 particle

cm�3; P < 0.001). However, the cam-crank area’s

number concentration in spring (GM = 290 000 par-

ticle cm�3) was statistically no different from winter

(GM = 318 000 particle cm�3; P < 0.19).

Fig. 4. Number concentration maps from winter: (A) coarse-grid 1; (B) coarse-grid 2; (C) coarse-grid 3; and (D) fine grid.
Each cross indicates a sampling location. Cross-hatched areas indicate no data available.

Fig. 5. Respirable mass concentration maps from winter: (A) coarse-grid 1; (B) coarse-grid 2; (C) coarse-grid 3; and (D) fine
grid. Each cross indicates a sampling location. Cross-hatched areas indicate no data available.
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The mass concentration map from the spring

(Fig. 6B) was similar to that observed in winter

(Fig. 5A–D), depicting elevated concentrations in

the cam-crank area compared to the block-head-rod

and assembly areas. The GM mass concentration in

spring was not different from winter in the cam-crank

area (P = 0.51) but slightly lower in the assembly area

(P = 0.023). However, in the block-head-rod area, the

GM mass concentration in the spring was signifi-

cantly greater than that in the winter (P = 0.002).

Supply air sampling

Table 2 summarizes the number and mass con-

centrations measured inside the air-handling unit.

The number concentration measured in the air-

handling unit was substantially greater than that

outside of the facility: 21–178 times greater for num-

ber concentration; and 3.8–6.7 times greater for mass

concentration. For a given percentage of outdoor air

(e.g. 20% outdoor air), the GM number concentration

was substantially and statistically greater with the

burner on (GM = 1 490 000 particle cm�3) than

with the burner off (GM = 184 000 particle cm�3;

P < 0.001). In contrast, no change in GM mass con-

centration was observed when the burners were

turned on.

Figure 7 shows the number concentration measured

for different heating configurations with the CPC in

the air-handling unit and on the facility floor. Number

concentration in the supply air rose dramatically and

immediately when the direct-fire, natural-gas burners

were turned on. The number concentration on the

facility floor also increased when the burners were

turned on, but this increase occurred �5 min after

firing of the burners.

DISCUSSION

Ultrafine particles were found to be prevalent

throughout the machining facility. Even in the assem-

bly area where number concentrations were lowest,

ultrafine particles were on average 15 times greater

inside the facility than outside, regardless of the sea-

son. The similarity of the number concentration maps

in winter (Fig. 4A–D) suggests that ultrafine particle

concentrations may persist at elevated concentrations

over time. Moreover, the relative homogeneity of

number concentration within each work area suggests

that ultrafine particles are easily transported by air

currents from their source.

Fig. 6. Concentration maps from spring: (A) number
concentration; and (B) respirable mass concentration.

Each cross indicates a sampling location. Cross-hatched
areas indicate no data available.

Table 2. Summary of airborne number and mass concentration measured with the samplers installed in the air handling unit

Burner status Air supply source Number concentration Respirable mass concentration
n GM (GSD) particle cm�3 n GM (GSD) mg m�3

Off 100% Outdoor air 106 300 000 (1.62) 106 0.016 (1.23)

Off 20% Outdoor air 80% Facility air 36 184 000 (2.14) 36 0.020 (1.34)

On 100% Outdoor air 25 1 390 000 (1.23) 25 0.016 (1.14)

On 20% Outdoor air 80% Facility air 33 1 490 000 (1.30) 33 0.022 (1.12)

Samplers outside of facility 6 8400 (1.35) 6 0.005 (1.14)

Fig. 7. Ultrafine particle number concentration in the air
handling unit and on the facility floor.
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The majority of ultrafine particles in the block-

head-rod area in winter may be attributed to the

direct-fire heaters based on the following observa-

tions. First, number concentration in that area was

dramatically lower in spring, when heaters were

off and outside doors were open. Second, the number

concentration in the supply air for that area increased

nearly 1000% when the direct-fire, natural-gas burn-

ers were turned on compared to when they were off.

Moreover, this finding is consistent with others who

have identified natural-gas burners in stoves as a

substantial source of ultrafine particles in residential

homes (Dennekamp et al., 2001;Wallace et al., 2004;

Afshari et al., 2005).

However, ultrafine number concentrations were

low in the assembly area even though gas burners

were utilized for heating there. This observation is

unaccounted for but may be related to differences in

burner technology or air flow patterns between the

two areas. It should also be noted that when the dam-

per was set to 100% outdoor air and the burners were

off both number and mass concentration in the air

exiting the air-handling unit were substantially

greater than that measured with the samplers outside

of the facility (Table 2). Again this observation is

unaccounted for but may be due to ineffective damper

control, the presence of an additional sources, or inad-

vertent recirculation. These observations warrant

further investigation.

In the cam-crank area, processes such as high-

speed machining and heat-treating operations, rather

than the heating system, may produce substantial

quantities of ultrafine particles. In both winter and

spring, number concentration was moderate in that

area, where steam was used for heat. Metalworking

fluid mist in machining operations is formed by three

mechanisms: evaporation–condensation, centrifugal

force and impaction (Thornburg and Leith, 2000).

While centrifugal force and impaction primarily

form larger drops (>1 mm), condensation of metal-

working fluid previously evaporated from contact

with hot metal parts produces large quantities of sub-

micron mist. Although Thornburg and Leith’s work

was limited to particles >500 nm, it is possible that

ultrafine mist is generated via this mechanism. In the

cam-crank area, where enclosures fit poorly, the ultra-

fine mist may have escaped as fugitive emissions.

This source of ultrafine particles may have been

less evident in the block-head-rod area because the

state-of-the-art enclosures in that area were more

effective at eliminating fugitive emissions.

Mass concentration provided little or no indication

of ultrafine number concentration in the block-head-

rod area. Mass concentration was slightly greater

when number concentration was substantially less

in the spring compared to the winter. This observation

is probably due to the independence of the source that

dominated number concentration, ultrafine particles

from natural gas burners, and the source that domi-

nated mass concentration, fugitive mist from machin-

ing operations. Even in the winter when number

concentration was greatest, the block-head-rod area

appeared very clean, except for the black deposits on

the surface of poles and supply-air grilles onto which

the supply air impinged.

Mass and number concentration were more closely

linked in the cam-crank area, probably because

metalworking operations were the source for both

ultrafine and larger particles. Although separate

mechanisms of mist formation may have been at

work (vapor condensation for ultrafine and mechani-

cal fluid break-up for larger particles) both are linked

to process parameters and effectiveness of controls

such as ventilation and enclosure. In contrast to the

block-head-rod area, mist was visible in the cam-

crank area.

The spatial resolution of data collection from the

coarse sampling grid was adequate for number but not

for mass concentration. The number concentration

map constructed from fine-grid data (Fig. 4D) pro-

vided only a little more information than those

constructed from coarse-grid data (Fig. 4A–C). In

contrast, the mass concentration map constructed

from the fine-grid data (Fig. 5D) provided important

information that may have been missed with a coarser

sampling grid (Fig. 5A–C). It should be noted that this

observation may not be true of other facilities where

particle generation may be less steady-state.

Day-to-day temporal variability of particle concen-

trations was greater for larger particles (>1 mm) than

for ultrafine particles. Whereas number concentration

maps (Fig. 4) showed little variability between days,

mass concentration maps (Fig. 5) showed more vari-

ability, especially in the cam-crank area where mass

concentrations were greatest. These observations sug-

gest that the ultrafine particles that dominate number

concentration transport readily with air currents,

whereas the larger particles that dominate mass con-

centration are more localized to areas near where they

are generated. They also suggest that, although the

data used to construct number concentration maps

were area measurements rather than personal mea-

surements, they provide a general indication of

worker inhalation exposure to ultrafine particles in

this facility.

The ultrafine number concentrations observed in

this work are likely to be representative of other

machining and assembly centers. Direct-fire, natural-

gas burners are commonly used as an economical heat

source throughout industry. Moreover, the enclosures

used to control metalworking fluid mist are similar to

those used in other facilities. However, the risk asso-

ciated with inhalation of these ultrafine particles is

unclear and warrants further investigation. Although

�75% of particles sized 10–100 nm will deposit

within the respiratory tract (Chalupa et al., 2004),
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the biological response is likely to be substantially

different for particles resulting from natural-gas

combustion and metalworking operations.

If a decision is made to reduce ultrafine particle

concentrations in this facility, an alternative means of

heating that does not incorporate natural-gas exhaust

into supply air would likely eliminate most ultrafine

particles from the block-head-rod area. Although heat

transfer is not as efficient as direct-fire heating, a

heat exchanger could be used to transfer heat from

the natural-gas burners without contaminating the

supply air. More tightly fitting enclosures would

probably be effective at controlling the ultrafine par-

ticles generated by metalworking operations in the

cam-crank area.

CONCLUSIONS

Aerosol mapping represents a way for the occupa-

tional hygienist to use current technology to assess

fine and ultrafine particle concentrations in the work-

place. With this technique, a general sense of the

temporal and spatial variability of particles in an

occupational setting may be obtained. It also enables

the assessment of multiple metrics at one time (i.e.

number, surface area, or mass concentration).

In the current work, aerosol mapping was per-

formed in an engine machining and assembly facility.

Number and mass concentration maps were con-

structed with data from CPCs and optical particle

counters. Little temporal variability was observed

in multiple number concentration maps from a period

of 1 week in winter, suggesting relatively steady-state

conditions for generation and fate of ultrafine parti-

cles. In contrast, spatial variability was great, with

number concentration relatively homogeneous within

but very different between a priori defined areas

of the facility. This spatial variability was attributed

to the existence of multiple sources of ultrafine

particles. The greatest number concentrations

(>1 000 000 particle cm�3) were from direct-fire,

natural gas burners that heated the supply air, while

more moderate concentrations (250 000–750 000

particle cm�3) were possibly due to mist from met-

alworking operations.

Mass concentration was not a good indicator of

number concentration. Mass concentration was low

(<0.2 mg m�3) where direct-fire heaters produced the

greatest number concentration (>1 000 000 particle

cm�3). Consequently, to the extent that health effects

are related to ultrafine number exposures current

mass-based regulations may not be sufficient to pro-

tect workers in these areas.
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