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high concentrations of DPM is the 
underground mining environment. 
The Mine Safety and Health Admin-
istration (MSHA) estimates that in 
the United States diesel-powered 
equipment is used in 14,000 mining 
operations and that approximately 
230，似mminers are occupationally 
exp偶edto DPM (MSHA, 2002). In 
worst唱a田 environments.it has been 
confirmed through air姐mplingthat 
underground miners can be expc蹴 d
to DPM at a magnitude ten times 
higher than what is typically seen in 
other industries (Haney et al., 1”7). 

In an effort to better protect the health of under-
ground miners, the U.S. Mine Safety and Health Admin-
istration (MSHA) has published proposed rule-making 
regulating DPM exposures (Federal Register 2α>2a). Un-
der this rule, on July 19, 2003, MSHA began enforcement 
of an interim DPM permi鑓ibleexposure limit (PEL) for 
TC of 400 μg/m3. On Jan.19, 2瓜)6,MSHA was scheduled 
to begin enforcement of a final DPM permissible expo-
sure limit for TC of 160似g/m'.Both PEl..s are ba田don
estimation of the average eight-ho町 equivalentfull-shift 
airborne TC concentration to be determined by the ad-
dition of a縄mple'sEC and OC fractions. If a sample's 
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Introduction 
Diesel is an efficient fossil fuel con-
verting a large fraction of its available 
energy into useable work. Diesel fuel 
also has a ftash point that, when com-
pared to other fossil fuels, lends itself 
to reduced fire potential. These, among 
other factors, make diesel a popular 
choice for many industrial and domes-
tic applications.A negative崎戸ctto the 
use of diesel fuel is the resultant emis-
sions. which have been implicated as 
leading contributors to poor air quality 
and the伺 usativeagent associated with 
a variety of acute and chronic human 
health effects (IARC, 1989; Cohen and Higgins. 1995; 
NIOSH, l”'8~; Pope et al., 21αロ）．
Die記Iemissions are a mixture of particulate aero回Is
and a complex host of ga田sand vapors.百1epa凶culate
aerosol portion of the mixture is commonly referred to 
as die民lpa同四latematter (DPM) and consists, in part, 
of elemental carbon (EC)伺汀ierparticl回 onwhich hy-
drocarbon g踊esare a也orbed.百限時hydrocarbonga詑 S
are classified as the org創恥伺rbon(OC) fraction of the 
aero⑤ol. The combined sum of the EC and OC fractions 
constitutes the amount of total carbon (TC) present in 
the aer価。I.One α::cupational setting known to contain 

sampl，的：gte，ぬ均M
between a TS/ DustTrak real－的maerosol 
SKC impactor when measuring diesel 
concentrations in an unde噌roundmme
Its of regression analysis be伽 een7WA
from the two sampling devices suggest 
(R2 = 0.91) exists 

particla. Also, results from triplicate SKC 
showed good prteision 
Sa／切yand Health 5040 analyti-
to published側 lytical
SKC加1pactorresults appear to vali-
of a 1.3 multi!'lier 
total carbon in the 
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Abstract 
Diesel particulate matter ( D PM) continues to be scruti-
nized as an adverse occ呼'Hllionalexposure agenιCurrently, 
the air samp，伽gP,TC?tocol approved by the U.S. M加eSaJ抑
制 dHealthA命的，istratlon( MSHA) to quan，砂exposure
toDPMinm的esdesignates an SKC伽伊舵toras the sanψle 
collection devic~ and t加itsexposure to the total carbon 
舟u馴ofa DPM aerosol Because use of th脂肪司r,actor
requires submission of the sa,叩leto an analy政':Illlabo・
刷 'Ory,it inherently加eludesa lag time before workplace 
uposuresαurbedeterm加 'ti.Thus, mine operators who use 
this MS HA-approval samp/1帥1gdevice to monitor personal 
DPM exposur~ are faced with th~ possibility ofrealiz.ing 
unacceptable airborne concentrations after the exposures 
have occu"ed. 
In an eflon to scientifically address this郎・ue,thiss，仰の



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

開GURI’ Currently, no standardized sampling 

Ai『samplinglocations (included in a separate electronic制e). 
method exists that would provide real-
time results of exposures to DPM. 
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The purpose of this study is to 
investigate the feasibility of using a 
real-time monitor to measure DPM 
concentrations through the perfor・
mance of side-by-side sampling using 
a TSI DustTrak {TSI Inc., St. Paul, 
MN) real-time particulate aerosol 
monitor and SKCR impactors in an 
underground metal mine. For use in 
this manuscript, future references to 
the TSI DustTrak and the SKC泊1pac-
tor will be DustTrak and compliance 
泊1pactor,respectively. In addition, the 
sampling results obtained in this study 
are used to evaluate the precision of 
the NIOSH 5040 analytical method for 
DPM and to evaluate the appropriate-
ness of applying a 1.3 multiplier to a 
sample’s EC results to estimate TC 
(i.e., evaluation of ECrrC ratios in the 
60 percent to 80 percent range). 

、irF毛111111’lln担，.，..川h’”、
2明剛 li."<linr.141附

TC concentration, as determined by the sum of the EC 
and OC fractions, is above the PEL, then an additional 
validation step is performed to account for the presence 
of airborne interferences such as tobacco smoke, oil mist 
and carbonaceous materials. In this step, the EC fraction 
becomes the surrogate measure of exposure and the TC 
concentration is equal to an aerosol’s EC fraction mul-
tiplied by 1.3. Use of the 1.3 mult~plier to estimate TC is 
based on the assumption that TC is 60 percent to 80 per-
ce目tEC and a~alysis of EC using the NIOSH 5040 a口a-
lytical method is una旺ectedby the presence of interfering 
materials (NIOSH; 199~b; Federal Register, 2002b). 
When performing air sampling to estimate occupa-
tional exposure to DPM, consideration must be given 
to particle size. Published literature has reported that 
95 percent of all diesel aerosols are submicrometer in 
~ize (ACGIH, 2001). Given this, the collection of DPM 
is accomplished through the use of a particle size-selec-
tive sampling device.’The current MSHA-approved air 
sampling protocol to estimate occupational exposure to 
DPM employs the use of an SKC impactor (SKC Inc., 
Eighty Four, PA) having a cut point of 0.9 μm. Imple-
mentation of this protocol requires the purchase of one 
impactor for each sample collected and submission of the 
impactor and filter media as a single unit to a laboratory 
for analysis.’Thus, when sampling strategies involve the 
monitoring of all workers in both high and low DPM con-
centration areas, these s泊gle-useimpactors can quickly 
increase sampling costs. In addition, use of these impac-
tors inherently involves a lag time before an exposure 
determination can be made. During this lag time miners 
are potentially exposed to unacceptable airborne levels 
of DPM. Therefore, the availability of a real-time monitor 
used as a survey tool to instant自neouslyq巳an~ify D ~M 
concentrations aids in identifying areas within a mine 
where personal sampling is necessary or where imme-
diate implementation of control measures is required. 
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Meth?ds 
This study was conducted in a plati-

num/palladium underground mine that produ回sapprox-
imately 2.25 kt/d (2,500 stpd) of ore ~nd 17.4 t (560,000 
oz) of precious metal a year. At this mine, diesel-powered 
equipment is used during most ore production activities 
and “ramp and fill”is the primary method employed for 
ore acquisition.百1etypes of diesel-powered equipment 
in use during the performance of this study included 
load-haul-dumps (LHDs/muckers), haul trucks, graders, 
maintenance vehicles, automatic drillers, pneumatic rock 
drills and grading tractors.百1eengine brake horsepower 
ratings of all diesel-powered equipment ranged from 50 
to 277. 
官1estudy’s field sampling campai伊 involvedair sam-
piing for DPM in an area of the mine that contained ac-
tive headings an？仕equentdiesel-powered tr~ffic. Care 
was taken to avoid sampling locations and activities that 
enhance the collection of DPM-interfering contaminants 
not associated with diesel combustion.τbus, no sampling 
was performed in the proximity of oil-mist generating 
equipment and all miners were asked to refrain from 
smoking during the sampling phase of the study. 
Air sampling for DPM was conducted at six locations 
in the mine during four consecutive days. Determination 
of each sampling location was based on the scheduled 
mining activity for that day, with the intention of col・
lecting samples at locations where low, moderate and 
high DPM concentrations were anticipated. Figure 1 
highlights the specific locations where DPM air sampling 
was P.erformed during ~his study. Table 1 provi~es a b討ef
description of the ambient environment associated with 
each sampling location and qualitatively identifies the 
degree of mining acti吋typresent during each sampling 
period. 
At the start of each of the four sampling days, three 
sample collection baskets were loaded with DPM sam-
plers and hung from the ceiling of the mineshaft at differ-
ent locations on the 3200 level of the mine. Each sample 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

Table 1 

0・scrip1畑nof・irsampling loca1ions. 
s・m酬・
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『Scorrespond to錨mplelocations ident1fred 

collection basket contained three complian関加1pacto四
and one D山口rak.The height at which each絹mplecol・
lection basket W邸 hungranged from 1.8 to 3.6 m (6 to 12 
ft) above the minesha民自oorand was dependent on the 
acce路 clearanceneeded for mine traffic to pa路 without
disruption. 
The co・locationof the three compliance impactors 
with one DustTrak real-time monitor in a single姐 mple
collection basket was done to eval凶 tethe correlation be-
tween the different sampling devices through regr舗 ion
anal戸isof respective sampling results.百eside-by-side 
placement of three compliance impactor samplers in a 
single姐 mplecollection basket was done to evaluate the 
pr~cision 。fthe NIOSH 5040 analytical method. A目a-
lyti伺Iprecision was evaluated by calculating the relative 
standard deviation (RSD) among the results obtained 
from the side-by-side impactors and its compari鈎 nwith 
published analytical performance criteria reported for 
the NIOSH 5040 method (Birch.孤立）.In this published 
review, it is reported that RSD values ranging from 4 
percent to 10 percent for EC and 5 per印刷to12 per，印刷
for OC have been observed during round-robin錨 mple
analy舘sinvolving NIOSH and other contract laborato-
nes. 

l何

叩

Lo 

H 

M 

H 

H 

百1eDustTrak, employed to measure DPM in real-
time.is a切 light-scatte巾g~e吋田 thatdirectly measures 
particulate mass concentration in mg/m3. In an effort to 
estimate DPM concentrations, the DustTrak was con-
figured凶inga sampling head that selectively measures 
particulate mass at a 50-~r，印刷 cutpoint of 1 μm 《PM1 ). 
For estimation of a姐mplingperiod’s aver喝eparticulate 
mass con田ntration,the logging interval of each DustTrak 
was田tat one minute. Prior to the start of each姐mpling
period, a DustTrak was pre-and post-calibrated to the re-
quired flow rate of 1.7 Umin.A Gilian Gilibrator (Gilian 
Instrument Co叩oration,West Caldwell, NJ) was u詑dto 
pre・and伊st-calibrate曲eDustTraks. No final ftow rat回
were in exce鑓 of±5 peri回 ntof the calibration ftow rate. 
百 ecomplian偲 impactoris a size－健lectivesampling 
devi田 approvedby_ MSHA for the performance of DPM 
complian句 evaluationsand at the prescribed flow rate of 
1.7 Umin collects particulate matter at a筑》・戸r関 ntcut 
point of 0.9 μm. For use in this stud払eachimpactor w部
housed in a 1仏mmDoπ・Olivercyclone (SKC InιEighty 
Fou~. PA.) having a 5・per，偲ntcut point of 3.5凹百・百e泊－
clusion of the Dorr-Oliver cyclone回曲e組mplingtrain 
served to remove larger, non・dieselparticulate (mine 
d由。commonlyfound in underground mines. At the end 
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FIGURE 2 

Relationship of DustTrak vs. Compliance Impactor-TC. 
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To provide a more meaningful 
summary of the carbon concentrations 
calculated from analytical results re-
ported as below the limit of detection 
(LOD), these values are indicated with 
a ( <) sign preceding each value. TC is 
expressed as the sum of OC and EC. 
Scrutiny of the results reported above 
the LOD show that TC concentrati。ns
ranged from the 54 to 500開／m3,with 
the highest concentrations associated 
with locations where mining activity 
was moderate or high during the sam-
pling period. Evaluation of these same 
results show that the RSDs for all but 
t』re~ of the triplicate groupiロgsare 

1600 1猷lO 2000 2200 
within the range observed during the 
laboratory round-robins cited in the 
published review of the NIOSH 5040 

method (Birch, 2002）.百1eex偲 ptionsto this finding are 
the OC results in Groupin~ 8 and 11 and the OC and EC 
results in Grouping 12, which showed RSDs values rang-
ing from 21 percent to 34 percent. EC庁Cratios are also 
provided in Table 2 to assess the percent contribution 
!11ade by EC to the overall TC fraction of the aerosol. As 
is shown, 15 of the 18 ratios and the arithmetic mean for 
all EC庁Cratios combined agree with MSHA's findin~ 
that TC is 60 percent to 80 percent EC. The three outli-
ers in this data set showed EC庁Cratios of 50 percent, 55 
percent and 59 percent, respectively. 
Table 3 summarizes the DustTrak and compliance im-
pactor TWA TC concentration results for each sampling 
location. The last column of Table 3 provides compliance 
impactor TWA TC concentrations that have been ad-
justed due to their association with EC and OC results 
reported to be below the LOD. Each adjustment was 
performed by dividing the EC and OC analytical result 
by the square root of 2 and using the resultant TC value 
to calculate the TC TWA.’This adjustment technique has 
been recognized in published literature as a reasonable 
approach for data having relatively low variability (GSD 
of OC and EC analytical results are both < 3.0) (Mui・
hausen and Damiano, 1998). The data in Table 3 show 
that for the results obtained with both the compliance 
impactor and DustTrak the greatest concentrations were 
recorded at sample locations where moderate to high 
mining activity was present during the sampling period. 
Figure 2 shows the result of a regre錨ionanalysis between 
each sampling device、TWAconcentration results. Based 
on the co-location of both sampling devices in the same 
sampling basket, the regression was performed by pair-
ing a DustTrak TWA with its associated compliance im-
pactor TC TWA. It should be noted that the adjusted 
compliance impactor TC TWAs were used to perform 
the regression analysis.As noted in Figure 2, the R2 value 
for the regression is 0.91 and the correlation coe価cient
(0.95) is significant having a p-value less than 0.001 and a 
statistical power of greater than 0.9. 
’These statistical results suggest that for the paired 
data collected, a strong relationship exists between the 
complian印 impactormethod of sampling for DPM and 
the use of the Dustτrak to measure submicron particu-
late mass. Thus, the equation characterizing the best-fit 
line provides a quantitative mechanism to estimate TC 
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of a sampling period, each cyclone and associated tubing 
were washed, rinsed and dried in preparation for the next 
sampling day. Mine Safety Appliances Escort ELF pumps 
(Mine Safety Ap_Pliances Co., Pittsburgh, PA.) were used 
to provide negative pressure to collect DPM on the com-
pliance impactor filter media. Each pump was pre・and
post-calibrated using a Gilian Gilibrator to a flow rate of 
1.7 Umin. as prescribed by the NIOSH 5040 method for 
the collection of DPM. No final flow rates were in excess 
of 5 percent error of the calibration flow rate. 
The research team remained in the mine for the 
duration of each sampling period. Efforts were made 
to monitor each sample collection basket and perform 
pump checks on an hourly basis. At the conclusion of 
the field sampling campaign, 36 compliance impactor 
field samples and four compliance impactor field blanks 
were submitted to an American Industrial Hygiene As-
sociation (AIHA) accredited laboratory for analysis of 
EC and OC using the NIOSH 5040 method. At the end 
of each sampling day, logged sampling data were down-
loaded from all Dustτraks to a computer hard drive us泊g
TrakPro v3.32 software (TSI Inc., St. Paul, MN). 

Results 
Analysis of the four compliance impactor field blanks 
yielded concentration results less than the limit of de-
tection (1 μ_g/cm2) for EC and OC. Analysis of the 36 
compliance impactor filter field samples yielded the con-
centration EC, OC and TC results shown in Table 2. The 
data in Table 2 summarize the analytical results for OC 
and EC in t凶plicategroupings based on their side-by-side 
placement in a sample collection basket. 
Carbon concentrations for both OC and EC are con-
verted from mass per unit area concentrations to mass 
per unit volume concentrations by application of 

L f _μg 1 
Carbon concentratton I 3 I 、‘．，，

．．．
． ，EZ
、

c…伽（若）×Filter仰（cm2）×1’
1.7；示×Sample州 m吋
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Table 2 

Compliance impactor sample results. 

ate Triplicate Sample 20C,2 RS0,3 EC,4 RSD.3 TC,5 

mpled grouping# location’ 11g/cm3 % JJg/m3 % 119/ml EC/TC 

1/14/03 A <17 <17 <34 

1/14/03 A <17 <17 <34 

1/14/03 A <17 <17 <34 

1/14/03 2 B 100 4.3 343 6.5 450 0.76 

1/14/03 B 95 370 470 0.79 

1/14/03 B 100 390 490 0.80 

1/14/03 3 C <19 <19 <38 

1/14/03 C <19 <19 <38 

1/14/03 C く19 く19 <38 

1/15/03 4 A <19 <18 <37 

1 /15/03 A <19 <18 <37 

1/15/03 A <19 <18 <37 

1/15/03 5 B 130 4.9 350 2.7 470 0.74 

1/15/03 B 140 350 490 0.71 

1/15/03 B 130 365 500 0.73 

1/15/03 6 C く19 36 。 <54 

1/15/03 C <19 36 <54 

1/15/03 C <19 36 <54 

1/16/03 7 。 <16 <16 <33 

1/16/03 D <16 <16 <33 

1/16/03 D <16 <16 <33 

1/16/03 8 E 54 21 82 6.7 140 0.59 

1/16/03 E 54 72 130 0.55 

1/16/03 E 37 81 120 0.68 

1/16/03 9 C <20 40 0.69 く60

1/16/03 C <20 41 <61 

1/16/03 C <20 41 <61 

1/17/03 10 F 51 。 110 9.1 160 0.69 

1/17/03 F 51 120 170 0.71 

1/17/03 F 51 100 150 0.67 

1/17/03 11 E 68 21 220 9.6 290 0.76 

1/17/03 E 100 220 330 0.67 

1/17/03 E 85 190 270 0.70 

1/17/03 12 C 36 34 36 24 72 0.50 

1/17/03 C 19 36 54 0.67 

1/17/03 C 36 54 90 0.60 
Average5 0.68 

1Capital letter indicates sample location as identified in Figure 1 
2LOD = 1 μg/cm2 
3Relative Standard Deviation (standard deviation divided by the mean) expressed as a percent; 

4LOD = 2 μg/cm2; •TC = OC + EC 
5Arithemtic average of all EC/TC ratios combined. 
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Table 3 

DustTrak and compliance impactor TWA-TC concentrations at each sampling location. 

c。mpll・nc・』mp・ctor
Trlpll個t・ TCTWA4 TC TWA' 
gr，側ping# ug/m’（111/m3 
1 <34 24 
2 468 
3 <37 
4 <35 

5 480 
6 <54 
7 <33 
8 130 

9 <61 
10 160 

11 300 
12 72 

mora 

－

内

4
司£

－m凋

n
－m何

TWA3 

”g/m’ 
120 (0.22) 

2,100 (0.93) 

51 (0.051 
25 (0.021) 

1,800 (1.11 
93 (0.08) 

97 (0.14) 
680 (2.5) 

240 (0.15) 

340 (0.31) 

630 (0.48) 
200 (0.18) 

DustTrak 

E

良

J
w
q
d
a
u

’’
n
ヨ守’’’
n
u
n
u
R
u
a
u
a
u

由”

咽’弓
0
0
0
n
u
R
U
n
g
司

4
n
U
守，咽
E
n
u
n
g

内

3
司

4
司
t
q
d
司

3
司

孟

内

d
q
d
司

4
司
d
司
J
司，‘

Sampl・
0。catl。”唱
A 
B 
C 
A 

B 
C 
D 
E 
C 
F 
E 
C 

dura制。n.
min 
315 

233 

288 
301 

309 
297 

321 

300 

270 

315 

308 
2鉛

。at・
”mp’“ 1/14/03 
1/14/03 

1/14/03 

1/15/03 

1/15/03 

1/15/03 

1/16/03 

1/16/03 

1/16/03 
1/17/03 

1/17/03 
1/17/03 

letter corresponds to sample locations identified in Fig. 1. 
2Number of Dust青akconcentration values recorded using a 1・minutelogging interval. 
’Values in parentheses reflect the standard deviation of all recorded concentrations. 
4Arithmetic aver，句eTC TWA concentration for each triplicate grouping, < nomenclature reflects TWA concentrations 
calculated using TC results assumed to be at the LOO (1似m/cm2).
可cTWA concentration伺 lculatedusing TC results assumed to be at the LOO divided by the square『ootof 2. 

impactor triplicate groupings suggest adequate precision 
based on quality assurance performanαcriteria observed 
for the NIOSH 5040 me!hod. No obvious expJanatio!l ex-
ists for the relatively high RSDs observed in triplicate 
Groupings 8.11 and 12. Given the consistency of analyti-
cal results in the other groupings, it is assumed that these 
deviations are likely due to human error associated with 
the sampling method. It should be noted that precision 
of the DustTrak was not evaluated in this study. Faced 
with potentially high intra-and inter-day fluctuations in 
the exposure environment, the research team determined 
that an appropriate evaluation of precision for this in-
strument would requtre the replication of side-by-side 
sampling events using two Dustτ'raks co-located at one 
or more mine locations.百1islimitation in study design 
is a result of the limited number of DustTraks (three) 
available to the research team and the need to co-locate 
these instruments with compliance impactors at as many 
locations as possible during the short time frame allotted 
for field sampling. 
Of the 18 EC庁Cratios evaluated in this stud~, 15 
were between the 60 per印刷and80 percent range cited 
by MSHA in the July 2002 federal register publication. 
Including the three outliers, the overall average ECffC 
ratio was 68 percent. These results are in contrast to a 
recent Cohen et al. (2002) mine study where, although 
ot』erDPM sampling methods were employed, EC/TC 
ratios below 60 percent were common.τbus, while the 
EC/TC ratios observed in this study seem to validate 
MSHA's use of a 1.3 multiplier, it is clear that more stud-
ies are needed to collaborate these findings. 
It should be noted that the study methods used to 
quantify DPM concentrations where based on area sam-
piing and that ~he basis of compliancE: with the MSHA 
DPM standard is personal sampling. It is not the intent of 
this study to use the correlation results obtained between 
the two sampling methods as true compliance estimators. 

concentrations when using the real-time particle moni-
tor. The upper and lower 95 percent prediction intervals 
enclosing the best-fit line provide a means to extrapolate 
the range of future TC concentration outcomes, based on 
the inherent error associated with environmental sam-
piing and the performance of regression analysis having 
only a sample size of n = 12. 

Discussio目
Regression analysis of the TWA results obtained us-
ing the compliance impactor and the DustTrak suggest 
that, for the mine environment in which they were used, 
a good correlation exists between these two aerosol col-
lection devices when measuring submicron particles.百1e
equation characterizing the best-fit line quantifies the 
relationship and provides an estimate of DPM exposures 
using the DustTrak. It should b~ noted that the estimate 
of future TC concentrations using the correlation equa-
tion is limited by statistical error associated with sampling 
and analysis and the study’s small sample size.百1iserror 
is visually depicted by the 95 percent prediction intervals 
associated with the regression line. Because the Dust-
Trak is a device that is factory-calibrated to a respirable 
fraction of standard ISO 12103-1 test dust, true mass con-
centration values would only be realized by alteration of 
the instrument’s default calibration factor (1.0) based on 
analysis of a gravimetric sample result taken from the 
environment to be sampled. Because the intent of this 
study is to泊vestigatethe relative correlation observed 
between the use of a Dustlrak and a compliance impac-
tor, no alteration was made to the Dust’Trak’s default 
calibration factor. This decision was based not only on 
the fact that meaningful results could be obtained when 
using this factory setting, but that instrument use in this 
manner would provide mine operators with an exposure 
tool requiring minimal manipulation. 
百1eRSD results for the majority of the compliance 
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It is the intent of this study's correlation findinp to pro・
叫dethe mining ind凶trywi曲asurvey tool that can踊詑ぬ
in real time, the degr明 of戸rsonaland area expos町田to
DPM relative to a given threshold value (iι却 percent
of the MSHA TLV・TWAfor DPM). 'f!tus. ex白ed~g曲is
threshold would allow for immediate加plementationof 
control measures and offer mine workers better safety 
and health protection. 

Conclusions 
This study's correlation results su舘estthat the Dust-
Trak paniculate aero却lmonitor伺nbe u舘dto provide 
a問lativeestimate of DPM exposures in a manner simト
lar to exposure results acquired using the compliance 
impactor姐mplingmethod.百epr，出sionresults among 
the side-by-side compliance impacto悶 showthat good 
anal阿国Iconsistency can be achieved using the NIOSH 
5似0method, but that care should be taken to minimize 
systematic errors during the sampling process. Finally, 
出eEC/fC rati倒 observedin曲isstudy記emto validate 
MSHA's 1.3 multiplier applied to EC to estimate TC. 
Even鈎，giventhe姐mplesize of this study and the incon-
sistent r回ultsbetween this and other studies、itis clear 
more data are needed to evaluate the approp巾ten伺sof
凶 ingthis factor. • 
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