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ABSTRACT

Monitoring worker exposure to respirable crystalline silica in dusty environments is an important part
of a proactive health and safety program. This is the case for surface copper mines in Arizona and
New Mexico. The spatial and temporal variability of respirable dust and crystalline silica concentra-
tions in those mines, coupled with the time lapse in obtaining crystalline silica analysis results from
accredited laboratories, present a challenge for an effective exposure monitoring approach and the
resulting intervention strategies. The National Institute for Occupational Safety and Health (NIOSH) is
developing a novel approach to be used at a mine site for the quantification of crystalline silica in
respirable dust samples collected with traditional sampling techniques. The non-destructive analysis
is carried out using a portable Fourier transform infrared spectroscopy (FTIR) unit. In this study, respir-
able dust samples were collected over two visits to each of five copper mines, for a total of 10 data-
sets. The silica in each respirable dust sample was estimated by analyzing the sample with the
portable FTIR unit. The quality of the estimation was assessed using the results of the NIOSH 7500
method on the same samples. The confounding effect of other minerals present in the respirable
dust in the mines was also assessed, and two quantification approaches were investigated to address
it: a sector-specific and a mine-specific approach. The results showed that the sector-specific approach
is not effective due to the high variability of relative composition of the minerals among mines. For
this approach the combined average relative difference was —13% (—17.6%, —8.9% Cl). When using
the mine-specific quantification approach, the average relative difference was as low as 2.8% (—3.7%,
9.3% Cl); however, this approach was still affected by the variable relative composition of the miner-
als in the dust in each mine. The use of a multivariate approach on the analysis of each sample was
proposed as the next step to achieve consistent low relative differences. This study demonstrates the
potential of using a portable FTIR for estimation of crystalline silica in respirable dust samples for in-
field exposure monitoring.

Introduction time-weighted average for up to 10hr per day during
a 40-hr week.!"!

Crystalli ilica (hereafter also silica) i iated
ystalline silica (hereafter also_silica) is associate The presence of RCS in the dust generated in metal

with many diseases:!"! silicosis,> chronic obstructive ) ) 1k S | studies in th ;
pulmonary disease (COPD), and lung cancer.! mines is well known. Several studies in the past inves-

Exposure to crystalline silica shows a correlation with tigated the exposure of miners to crystalline silica con-

renal disease.!"! Even short exposure duration to high taining respirable dust and the negative health
levels of silica can lead to negative respiratory out-
comes.”! The incidence of respiratory health effects
related to exposure to respirable crystalline silica
(RCS) is poorly tracked in the U.S., and hospitaliza-
tion remains the most cost-effective way to identify
silicosis cases.'*”) Based on the recognized potential
hazard, the U.S. National Institute for Occupational
Safety and Health (NIOSH) has recommended
an exposure limit (REL) of 0.05mg/m’ as a

effects.®*)  The US. Mine Safety and Health
Administration (MSHA) has established a permissible
exposure limit (PEL) for respirable dust present in
metal/nonmetal mines, which adjusts for the presence
of RCS by lowering the PEL as the RCS content
increases. Based on the formulaic approach, the result-
ing RCS PEL is 100 pg/m’. Watts et al."* analyzed
the RCS concentration trends in U.S. metal and non-
metal mining between 1993 and 2010. They found
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that while the measured levels are decreasing over
time, the exposure potential still exists at levels above
the MSHA PEL and especially the NIOSH REL.

The measurement and evaluation of workers® RCS
exposure is an important step toward reducing the
risk of impaired health resulting from inhalation, as
presented by the NIOSH Occupational Exposure
Sampling Strategy Manual.!"®! Exposure monitoring is
conducted and management practices are imple-
mented by operators of metal mines in the U.S. and
globally as part of their health and safety programs.
The monitoring relies on traditional industrial hygiene
approaches and occasionally on the use of real-time
respirable dust monitors.

Crystalline silica is just one of the constituents of
the respirable dust present in most mining environ-
ments. A recent investigation'® of respirable dust
samples collected by MSHA in U.S. mining environ-
ments between 1997 and 2011 showed that the per-
centage of respirable crystalline silica (%RCS) in the
dust is generally higher in metal and sand and gravel
mines, with a small but significant increasing trend
over time. The investigation stratified results accord-
ing to sampling locations—underground, surface, and
mill—and found a high variability of the silica content
for samples in every location and commodity.

Another study investigated the variability of the
crystalline silica content within a single mine dust
bulk sample."”! The silica content of different size
ranges of dust samples from three metal mines was
studied in a laboratory dust chamber. For all three
dusts, it was found that the percent silica in dust is
not constant for particles of different size ranges from
0.01-20 pm; notably this variability was also observed
within the respirable range.

To improve the effectiveness of RCS exposure
monitoring activities, NIOSH has been working to
develop a new analytical technique to estimate RCS in
respirable dust samples directly, at the mine and the
end of the shift. This work is part of an effort to cre-
ate technologies and methodologies that provide more
accurate and timely monitoring of worker exposures
to known respirable hazards. The technique is based
on the use of portable Fourier transform infrared
spectroscopy (FTIR) units for direct-on-filter (DoF)
analysis of the dust sample.""®2°! Together with X-ray
diffraction (XRD), FTIR is internationally recognized
as one of the analytical techniques appropriate for
quantification of RCS.'**! FTIR is already used by
MSHA for samples collected in coal mines,[zs] and the
DoF approach is already used outside the U.S., but
not with portable instrumentation.?%2°!
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While the field-based estimation of RCS with port-
able FTIR can provide results comparable to the
standard analysis—i.e., XRD analysis with NIOSH
7500—when no analytical confounders are present,!®!
the negative effect of other minerals has been recog-
nized as a necessary consideration.””>*) Laboratory
methods for RCS quantification uses the experience of
analysts and, if needed, pre-treatment of the samples
to address the presence of analytical cofounders.
These tools will not be available if a portable FTIR is
used by industrial hygienists in the field. For this rea-
son, appropriate quantification models need to be
designed. An important step is the understanding of
the confounding minerals present in the respirable
dust in different mines of the same commodity (for
example, copper). If the mineral confounders in the
respirable dust (and their relative content) in mines of
the same sector are consistent, a sector-specific quan-
tification approach could be created by using a large
dataset from samples collected in mining operations
of the same commodity. If instead the mineral con-
founders are consistent only mine by mine, mine-spe-
cific quantification approach should be investigated.

The focus of this study was to assess the DoF-FTIR
technique for the estimation of crystalline silica in res-
pirable dust samples collected in several open-pit cop-
per mines in Arizona and New Mexico. As a first
step, the study considered the RCS quantification
model for the DoF-FTIR, with no adjustment for the
presence of confounders."®! Then the study investi-
gated the use of a sector-specific and mine-specific
quantification approach. The goal was not to establish
the bias and precision of the DoF-FTIR technique in
the estimation of crystalline silica for samples col-
lected in this environment, but to quantify the dis-
crepancy of the established quantification models—in
terms of relative difference and standard deviation of
the error—from the laboratory analysis. This is a
necessary step to optimize the use of a portable FTIR
unit for the estimation of crystalline silica in the field.
A second objective was to investigate the relative crys-
talline silica content of the respirable dust present in
copper mining environments.

Methodology

NIOSH collected respirable dust samples in different
areas of five open-pit mines (M1-M5) in Arizona and
New Mexico during two field surveys to each mine,
for a total of 10 field surveys (S1-S10) between May
2015 and July 2016.
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Sampling strategy

All respirable dust samples were collected as area sam-
ples. Sampling areas were selected with guidance from
the industrial hygienist on site. The areas selected had
a previously documented presence of respirable crys-
talline silica.

During each field survey, between 15 and 30 sam-
ples were collected. Each field survey included two
sampling days with the exception of one mine (M4)
where the samples were collected in a single day.
Samples were collected with respirable dust aluminum
cyclones (SKC Inc., Eighty Four, PA) calibrated at a
flowrate of 2.5 Ipm. The flowrate was verified with a
Bios Defender 510 volumetric flow calibrator before
and after each sampling event. Samples were collected
on pre-weighed 37-mm PVC filters in three-piece
styrene/acrylonitrile co-polymer cassettes. Sampling
trains were spread throughout the identified areas.
Collection times ranged from 4-6 hr.

Researchers also collected bulk samples of settled
fine dust in the vicinity of each respirable dust sam-
pler; bulk samples were stored in sealed containers for
subsequent laboratory processing and analysis. Those
bulk samples are considered to be a rough representa-
tion of the aggregate dust present in the atmosphere.

Analysis and data processing

After shipping to the NIOSH
Pittsburgh, the respirable dust samples were equili-
brated, neutralized, and post-weighed in a controlled
environment where they had previously been pre-
weighed. The controlled environment is kept at
22+£0.7°C  and 50%+2%  relative  humidity.
Gravimetric analysis of the samples was conducted on
a microbalance (XP6, Mettler-Toledo, Columbus, OH)
with a precision better than 5 pg; overall the gravi-

laboratories in

metric analysis had a limit of quantification LOQ =
14 pg in a single weighing.*”! Laboratory and field
blank filters were analyzed: blank filters had an aver-
age net gain of 5 ug, but this value was not used to
correct the final mass determination for each sample.
The estimation of RCS using the portable FTIR
unit followed the protocol described in a previous art-
icle."® The respirable dust samples on the filter
media were analyzed with the instrument (FTIR
Alpha, Bruker) in transmission mode. For two of the
surveys, this estimation was done at the mine site at
the end of the day. Only the center of the filter was
analyzed, representing an analysis area 6 mm in diam-
eter. The total RCS collected on the filter was

estimated with a quantification approach developed
using RCS standards.!'®*")

For the samples collected during the surveys
S6-S10, the established protocol summarized in the
paragraph above was used and referred hereafter as
Approach 1. Two  additional quantification
approaches, sector-specific (Approach 2) and mine-
specific (Approach 3), were employed to process the
raw data extracted from the portable FTIR unit for
these samples.

For Approach 2, the aggregated estimation data for
the field surveys (S1-S5) were used together with the
NIOSH 7500 results to create sector-specific copper
mine quantification approaches. Portable FTIR results
for each sample were regressed against the NIOSH
7500 (XRD) results for the same sample. An ordinary
least squares regression was generated with the aggre-
gated data (S1-S5) and the regression parameters used
to adjust the quantification model of Approach 1
when applied to the DoF-FTIR data obtained for each
sample collected in the surveys S6-S10.

For Approach 3, the estimation data for each field-
survey (S1-S5) were used with the NIOSH 7500
results for each sample, independently, to create a
mine-specific quantification approach. An ordinary
least squares regression was generated with the data
for each mine, and the regression parameters used to
adjust the quantification model of Approach 1 when
applied to the DoF-FTIR data obtained for each sam-
ple collected in the same mine during the sur-
veys S6-S10.

When the DoF-FTIR estimation was completed, the
sample filters were sent to an accredited laboratory
(Bureau Veritas North America, Inc.,, Novi, MI) for
the quantification of RCS with the NIOSH 7500
method. In order to conduct a valid comparison of
the DoF-FTIR estimates and NIOSH 7500 results, the
laboratory was asked to perform the analysis only on
the filter, without recovering dust deposited on the
wall of the cassettes. The results of the NIOSH 7500
analysis on each sample were used in comparison
with the DoF-FTIR estimation. Two methods were
used to compare the results on the same sample: the
relative difference for each sample, and the standard
error of the estimate for an entire set of data. For
each sample, the relative difference was calculated as
[(DOF-FTIR estimate—NIOSH 7500 value)/NIOSH
7500 value]. The relative difference values for samples
collected during the same survey were then grouped
together and descriptive statistical analysis was con-
ducted. The standard error of the estimate was calcu-
lated for each survey as [(Sum(DoF-FTIR estimate—
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Table 1. Summary of the information generated by the NIOSH 7500 method analysis on samples collected during the

10 surveys.

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10
N (samples>LOQ) 21 28 13 13 30 25 22 23 12 26
Min (ng) 25 400 63 95 45 35 46 25 160 34
Max (ng) 490 1,800 390 410 3,100 690 580 880 840 1,300
LOQ (ng) 17 17,34,51,100 17,34 22 19 34 17 17 17,34,85 17

NIOSH 7500 value) o 2/(number of samples col-
lected)] o (1/2).

In addition, the crystalline silica quantification data
for each sample was combined with the gravimetric
data relative to the same sample to calculate
the %RCS.

The settled bulk dust samples collected during each
survey were processed and analyzed for mineral con-
tent. Each sample was dried and re-aerosolized in a
small dust chamber at the NIOSH laboratory and
a single respirable dust sample was collected, using a
high-volume respirable sampler, GK2.69 (MESA, Lake
Wood, CO) at a flowrate of 4.2 lpm. Several stud-
ies*>** verified that the use of this sampler provides
an accurate respirable dust sample. The resulting sam-
ple was sent to an external laboratory (H&M Analytical
Services, Cream Ridge, NJ) for mineral phase identifi-
cation (including relative abundance of each mineral)
via X-ray diffraction and Rietveld refinement.’**

Results and discussion

A synopsis of the results generated from the NIOSH
7500 analysis on each sample and grouped by field
survey set is presented in Table 1. The number of
samples with a measured RCS mass above the LOQ of
the analysis is variable set by set. The sets S6, S7, S8,
S9, and S10 represent the second field survey at the
mines M1, M2, M3, M4, and M5, respectively. The
LOQ varied survey by survey and within the same
survey sample by sample—this variability was the
effect of the NIOSH7500 analysis conducted on sam-
ples  where interfering compounds
were identified.

The NIOSH 7500 results were used to calculate the
%RCS relative to respirable dust for the samples col-
lected in each mine. The values for the samples col-
lected in each mine during both surveys were grouped
and compared with historic data for the same mine
generated by MSHA during exposure compliance
sampling. To compare datasets of similar size, data
were retrieved from the MSHA database for the years
2008-2013. The comparison is displayed in a box plot
(Figure 1). While the mine-by-mine trend is similar,
the silica content of the samples collected for this
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Figure 1. Respirable crystalline silica (RCS) content (%) in the
respirable dust samples collected during the 10 surveys and
grouped by mine. For each mine, data relative to the silica
content of MSHA respirable dust samples collected between
2008 and 2013 are reported.

study is consistently higher than the silica content of
the samples collected by MSHA over the 5-year
period. This outcome was unexpected and the differ-
ent constraints for the two datasets might provide
some clarification, as follows. The samples for this
study were collected in areas with a known presence
of crystalline silica where workers’ exposure was a
concern. This is similar to how MSHA collects expos-
ure samples, even if samples from different areas
might be considered. The collection period and con-
centration levels for the samples in the two datasets
could be different. MSHA collected samples intermit-
tently over 5 years, whereas the samples in this study
were collected over a few days during two visits at the
same mine. Temporal variability might be the cause of
the difference, even though the MSHA data did not
present any substantial temporal trend (not shown)
for any mine. Finally, MSHA collects personal samples
while this study collected area samples. It is possible
that workers spend only a portion of their time in
areas where the %RCS in the dust is high, and the
%RCS could be affected by control technologies, such
as water spray, while workers are present in one area.
What is evident is that the variability of the %RCS in
the dust present in a single mine is very high.
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Figure 2. Relative difference (%) chart presenting the comparison result between the DoF-FTIR technique and the NIOSH 7500
method. Relative difference data are reported for each single survey S1-S5 and grouped as S[1-5]. (Left) complete set of data;

(right) data with an amount of silica lower than 200 pg.

The second phase of the data analysis focused on
comparing the DoF-FTIR silica estimation generated
using portable FTIR to the NIOSH 7500 analysis results.
Because the DoF-FTIR analysis is nondestructive, both
analyses were conducted on the same samples. The
comparison of the samples collected during the first
survey to the five mines (S1-S5) are presented in Figure
2 as relative difference. Figure 2a shows the entire data-
set while Figure 2b shows only the samples with more
than 200 pg silica (as reported by NIOSH 7500). The
value of 200 pg of silica mass was selected as a thresh-
old between medium and high amounts of RCS that
can be collected on a filter media using a respirable
sampler. The findings are presented mine-by-mine and
then grouped as a single set S[1-5]. The line in each
box represents the mean value of the relative difference
for the samples considered; the range of each box rep-
resents the 25-75% percentile of the relative difference,
while the whiskers display the 5-95% percentile.

The DoF-FTIR technique consistently underesti-
mates the amount of silica in the samples. The aver-
age relative differences are summarized in Table 2.
The average relative difference varies survey by survey,
ranging from —49% to —19.6%, and when the datasets
are combined this value is —30.5% - confidence inter-
val, alpha = 0.05 (CI95)=(—33.8%, —27.2%). The
calculated average relative differences for samples with
less than 200 ug were comparable with the differences
calculated for the complete datasets.

The standard error of the estimate was used as a sec-
ondary means of comparison of the two analytical tech-
niques. The standard error associated with the use of
the DoF-FTIR method ranged from 54-200 pg for the
different datasets and was 142 pg when the datasets
were combined. When only samples with less than 200
ng of RCS were considered in the analysis, the standard
error of the estimate was lower—between 34 and 50 pg.

As described in the Methodology section, for the
samples collected during the surveys S6-S10, three
different quantification approaches were used to esti-
mate silica from the raw data generated by the port-
able FTIR. The comparison of the results of the two
analytical techniques was conducted independently on
each set of data from each estimation approach, while
the results of the NIOSH 7500 method were always
used as a reference. The findings of the comparison
are presented in Table 3 as average relative difference
and standard error of the estimate. A separate analysis
was conducted for the entire dataset and for the sam-
ples with a NIOSH 7500 reported RCS amount less
than 200 pg. The findings are presented survey by
survey and then grouped as a single set S[6-10]. In
the same table, the coefficient of determination (R2)
for each ordinary least square regression is reported:
the R2 values for Approach 2 are all the same because
they refer to the sector-specific quantification
approach. The R2 values for Approach 3 are specific
for each mine and they are indicative of the correl-
ation between the DoF-FTIR results and the
NIOSH7500 method for each set S1-S5.

For every single dataset, the unadjusted estimation
was obtained using the calibration with pure silica sam-
ples.™® In this case, the relative differences range from
—54% to —11%, similar to what was found with the
surveys S1-S5, using the same estimation approach.
When the sets were combined S[6-10], the average rela-
tive difference was —28.6% (CI95) = (—32.3%, —24.9%).
The sector-specific approach (Approach 2) and mine-
specific approach (Approach 3) improved the relative
difference for each single dataset. While the effect is not
consistent across datasets, the use of the mine-specific
estimation approach induces a more pronounced
improvement in the estimation than the one obtained
with the sector-specific approach. For the datasets S7
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Table 2. Summary of the results of the comparison between the DoF-FTIR technique and the NIOSH 7500 method for the sur-
veys S1-S5.

Entire set of samples Samples below 200 pg

N Standard error of the estimate (ug) Average relative difference N  Standard error of the estimate (ug) Average relative difference

S1 21 55 —32.70% 15 34 —36.2%
S2 28 204 —19.60%

S3 13 98 —49% 8 46 —50.1%
S4 13 1185 —39.10% 5 50.4 —33.5%
S5 30 140.5 —27.40% 15 34.1 —39.7%
S[1-5] 105 142.5 —30.50% 43 39.8 —39.6%

Table 3. Summary of the results of the comparison between the DoF-FTIR technique and the NIOSH 7500 method for the sur-
veys S6-510. The confidence level CI(95) is indicated together with the average relative difference values.

Entire set of samples

Samples below 200 ng

Standard error of Standard error of

Approach R2 N the estimate (ug) Average relative difference N the estimate (ug) Average relative difference
S6 1 24 83 —33.0% [—39.4%; —26.5%)] 11 27 —37.9% [—47.0%; —28.7%]
2 0.96 63 —19.6% [—27.3%; —11.8%] 19 —25.4% [—36.4%; —14.4%]
3 0.94 63 —11.1% [—19.7%; —2.6%] 15 —17.6% [—29.7%; —5.4%]
S7 1 22 24 —11.4% [—18.8%; —4.1%] 14 22 —20.4% [—28.3%; —12.4%)]
2 0.96 66 6.3% [—2.5%; 15.1%)] 16 —4.4% [—13.9%; 5.1%)]
3 0.79 60 7.9% [—0.9%; 16.9%] 16 —2.9% [—12.6%; 6.7%)
S8 1 23 47 —21.1% [—28.6%; —13.7%] 9 16 —34.7% [—44.1%; —25.3%)]
2 0.96 80.3 —5.3% [—14.3%; 3.6%] 1 —21.6% [—33.2%; —9.9%)]
3 0.89 306 48.8% [34.7%; 62.9%] 27 23.3% [6.1%; 40.5%]
S9 1 12 143 —54.2% [—59.8%; —48.6%] 5 103 —57.2% [—60.6%; —53.8%]
2 0.96 110 —45.1% [—51.1%; —38.3%] 72 —48.6% [—52.7%; —44.5%]
3 0.38 72 —18.9% [—28.9%; —9.0%] 46 —24.2% [—30.2%; —18.2%]
S10 1 26 90 —30.5% [—35.1%; —25.9%)] 15 49 —39.4% [—45.3%; —33.4%)]
2 0.96 37 —16.6% [—22.1%; —11.2%)] 27 —27.2% [—34.1%; —20.4%)]
3 0.97 52 —21.1% [—26.2%; —15.9%)] 37 —31.1% [—37.9%; —24.4%)]
S[6—10] 1 98 68 —29.5% [—33.2%; —25.8%)] 50 43 —33.8% [—38.2%; —29.4%]
2 0.96 70 —13.2% [—17.6%; —8.9%] 32 —21.2% [—26.6%; —15.9%)]
3 155 2.8% [—3.8%; 9.4%] 25 —9.5% [—16.7%; —2.4%]

and S8, the mine-specific approach induces the DoF-
FTIR technique to overestimate the RCS in the samples
compared to the NIOSH 7500 method. When the data-
sets are combined S[6-10], the average relative differen-
ces are —12.9% (CI95)=(—17.3%, —8.6%) and 2.8%
(CI95) = (—3.8%, 9.4%) if Approach 2 and Approach 3
are used, respectively. For the samples with less than
200 pg in the combined dataset S[6-10], the average
relative differences are —20.8% (CI95)=(—26.3%,
—15.4%) and —9.5% (CI95)=(—16.7%, —2.4%) when
Approach 2 and Approach 3 are used, respectively.
Table 3 indicates that the relative difference
between the DoF-FTIR estimation and NIOSH 7500 is
not constant but varies on average mine-by-mine and
more specifically sample-by-sample. Using the NIOSH
7500 method as the reference, this indicates that the
quality of the DoF-FTIR silica estimation is not con-
sistent. To exclude variability in the performance of
the portable instrumentation, silica-containing respir-
able dust samples are used as performance standards
in the analytical protocol. The standards are analyzed
each day prior to analysis of any respirable dust sam-
ples, including when the portable instrumentation is

used the mine site. Comparing the results obtained
for the standards with historic data provides reassur-
ance that the analytical process is performing as
expected,[ls] thus, it is possible to exclude the idea
that factors such as humidity, transportation, or other
conditions could have affected the analysis. Instead,
the trend shown in Figure 3 and the data in Table 3
seems to indicate that something specific mine to
mine could be the cause.

The data in Table 3 provide evidence that the use
of Approach 2 and Approach 3 induces an improve-
ment in the RCS estimation generated by the DoF-
FTIR technique. Compared to the unadjusted
Approach 1, the sector-specific and mine-specific
approaches take advantage of previous results gener-
ated from samples collected in other copper mines in
Arizona and New Mexico, or in the same mine,
respectively. The improvement induced by the use of
Approach 2 may be due to the presence of similar
FTIR mineral confounders in the dust of each mine.
The larger improvement induced by the use of
Approach 3 might indicate that differences in the dust
of each mine are less substantial. This is evident, for
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Figure 3. Bland-Altman plots for the DoF-FTIR technique and the NIOSH7500 methods for combined set S[6-10]. (Top) plots rela-
tive to the results obtained with Approach 1; (center) plots relative to the results obtained with Approach 2; (bottom) plots relative

to the results obtained with Approach 3.

example, for the samples of the S8 and S9 surveys.
For the samples in the dataset S9, this improvement
seems to minimize the relative difference, while the
use of Approach 3 on the S8 samples induces the
opposite effect, which is the overestimation of RCS
compared to the NIOSH 7500 results. This specific

outcome could be explained by changes in the dust in
the mine between surveys, indicating that respirable
dust can be different, not only mine-by-mine but also
sample-by-sample with the same mine.

The results of the standard error of the estimate
analysis (Table 3) seem to corroborate the idea of
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Figure 4. Variability in mineral composition of respirable dust present in multiple samples from each of the five mines.

sample-by-sample variability. The use of Approach 2
and Approach 3 does not consistently reduce the
standard error of estimate value for a single dataset.
The reduction is present for the S6, S9, and S10 sam-
ples, but no trend is evident. Approach 3 induces an
increment in the standard error of the estimate for S8
samples from 47 upg to 306 pg, while the same
approach reduces the standard error of the estimate for
S9 samples from 143 pg to 72 pg. When the datasets
are combined, the use of Approach 2 seems not to
affect the standard error of the estimate, while
Approach 3 increases it from 68 pg to 155 ng. It is
important to consider that both Approach 2 and 3 are
applied uniformly on the entire dataset for the samples
collected in each survey. The approaches do not con-
sider the specificity of each single sample, and this limit
is highlighted by the standard error of the estimate.

To investigate the effect of RCS loading on the per-
formance of the three quantification approaches, a
series of Bland-Altman charts were created for the
combined sets S[6-10] (Figure 3). A stand-alone chart
for each approach was created for the entire data set
and for the samples with less than 200 pug of RCS. The
plots relative to the entire sets indicate that the differ-
ence between the methods is heteroscedastic because
higher values for both signs, positive and negative, are
found for larger amount of RCS. This phenomenon is
less pronounced for the samples with less than 200 pug
of RCS but still present for the results from Approach
1 and Approach 3. Independent information was

obtained from the mineral analysis of the respirable
dust contained in the settled fine dust samples collected
during each survey at the five mine operations. The
results of the mineral analysis are summarized in the
Figure 4. For each mine, two to five samples were ana-
lyzed. Crystalline silica (as quartz) was found in every
sample. Cristobalite or tridymite were not present in
any sample. In addition to quartz, the most abundant
families of minerals have been listed in the stack chart.
The family of plagioclase feldspar minerals—including
albite, anorthite, andenise, and oligoclase—was very
abundant, found in high levels in the respirable dust of
four mines. Potassium feldspars, including microcline
and orthoclase, were also generally present. The dust
collected in the mine (M4) relative to the surveys S4
and S9 showed a different pattern, with high levels of
muscovite and kaolinite. Muscovite was also present in
samples from the other four mines.

The relative content for each mineral or family of
minerals was found to be variable in the respirable
dust in each mine. The minerals in the dust collected
in M1, M2, and M4 were found to be quite consistent.
The same was not true for the dust samples collected
in M3 considering that high levels of muscovite were
found only in three samples out of five. This informa-
tion is indicative of the variability of the mineral con-
tent in the dust in the areas of the mines where the
respirable dust samples were collected. For this reason,
it is possible to hypothesize that a similar variability
was present in those samples.
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The information illustrated in Figure 4, combined
with the results on the quality of the RCS estimations
by the DoF-FTIR technique using the three quantifica-
tion approaches, leads to three findings. First, the res-
pirable dust present in copper mines in Arizona and
New Mexico is composed of crystalline silica and sev-
eral other minerals. While commonalities can be
found for minerals present in the respirable dust in
each mine, the relative content of each mineral is
highly variable. Second, the DoF-FTIR technique gen-
erally underestimates the RCS content in respirable
dust samples collected in this study. The quality of the
estimation is also variable, and on average is different
for samples collected in different mines. Third, the
use of sector-specific and especially mine-specific
quantification approaches can improve the quality of
the RCS estimation performed by the DoF-technique.
This improvement is consistent neither across nor
within datasets and indicates that each sample might
have specific characteristics that affect the DoF-
FTIR estimation.

We have evidence that each respirable dust sample
can have a unique mineral composition, different
from other samples collected during the same survey
or other surveys. These differences do affect the esti-
mation as theorized in previous studies?*?’!
ing the assumption of the presence of other minerals
(including confounders for silica, as discussed above)
in the respirable dust in the surveyed mines, The first
research question in the Methodology section posed
the possibility of creating a sector-specific quantifica-
tion approach to address the presence of common
mineral confounders for the silica estimation. From
the findings in Table 3 and Figure 4, it is clear that a
sector-specific quantification approach does not
address the presence of significant minerals suffi-

confirm-

ciently to overcome the confounding effect. Similar
minerals were found in the respirable dust of the five
mines, and data currently processed for other studies
indicate that these minerals can uniquely characterize
dust in copper mines. Unfortunately, the relative con-
tent for each mineral present in the dust of the five
mines is too variable to be addressed by a sector-spe-
cific quantification approach. The second research
question focused on the possibility of creating a mine-
specific quantification approach. This approach
showed more promising results, as evident from the
overall and mine-specific lower average relative differ-
ence. The relative content of the minerals detected in
the dust of each mine is variable, but the range is
more limited than for the entire sector.

The future adoption of the mine-specific silica
quantification approach, in conjunction with the use
of the portable FTIR at the mine site, might require
an active role by the industrial hygienist involved in
the monitoring activity. As the DoF-FTIR analysis is a
non-destructive technique, it is conceivable that, peri-
odically, a subset of the samples collected by the
hygienist could be sent to an accredited laboratory for
standard analysis. Those results could then be used to
verify the quality of the estimation generated by the
portable FTIR and to establish the mine-specific quan-
tification approach presented in this article.

While a mine-specific quantification model might
be a possible approach to address the mineral con-
founders present in the respirable dust of one of the
mines, this approach has also evident limitations due
to the variability of minerals in the respirable dust of
a single mine. In order to achieve a lower relative dif-
ference and standard error of the estimate for estima-
tion of crystalline silica using the DoF-FTIR approach,
the relative quantities of minerals in each sample
needs to be taken into account. This can be done by
designing a quantification approach that identifies the
presence of all the minerals in the FTIR spectrum, is
trained to address the effect of each mineral, and as a
result provides an improved estimation of crystalline
silica. This approach, using principal component ana-
lysis and partial least square modeling, has been
adopted successfully for the use of DoF-FTIR analysis
for respirable dust samples collected in coal mines.!*”
In those environments, the only recognized mineral
confounder is kaolinite. For respirable dust samples
collected in non-coal mines, such as copper mines, it
is evident that the number of minerals is much
higher. Because of the co-presence of multiple miner-
als with silica in the respirable dust, a multivariate
analysis of the FTIR spectrum might be needed. This
suggests the development of a quantification model
that needs to be trained using calibration standards
composed of minerals present in the mine’s respirable
dust. The information summarized in Figure 4 can be
used for the selection of the minerals and to define
the range of minerals content in the calibration stand-
ards. The creation of calibration standards and the
development and training of the quantification models
are the next steps of the NIOSH initiative.

Conclusions

This study presents the results of using a direct-on-fil-
ter FTIR analysis for the estimation of respirable crys-
talline silica in dust samples collected in five copper



mines in Arizona and New Mexico during 10 field
surveys. The direct-on-filter analysis was conducted
using a commercially available portable FTIR that can
be used at the mine site for RCS monitoring. The
standard NIOSH 7500 method was also used to ana-
lyze the same samples.

The results produced the following findings:

o The %RCS in the dust of the five mines was found
to be variable. Several other minerals were found
in the respirable dust of the five mines. While the
minerals found were similar, suggesting the possi-
bility of identifying a set of specific mineral charac-
teristics of copper mines in this region, their
relative content was extremely variable between
mines and within each mine.

e Without a sector-specific or mine-specific
approach, the DoF-FTIR analysis on average
underestimated the amount of silica present in the
respirable dust samples collected in the five mines.
When combining the results from the five mines,
the underestimation is in the range of —30%.

e The adoption of sector-specific and mine-specific
quantification approaches was tested. The high vari-
ability of mineral confounders between mines was
identified as the cause for the inefficacy of the sec-
tor-specific quantification approach. Considering
the limited range of mineral content in the dust of
a specific mine, the mine-specific approach showed
to be more effective in the silica estimation gener-
ated by the DoF-FTIR technique. Specifically, the
use of the sector-specific quantification approach
was effective in reducing the underestimation to an
average of —13% when the results of the five mines
are combined. On the other hand, the use of the
mine-specific quantification approach induced an
average relative difference of 2.8%.

e Mine-specific quantification was proposed as a
feasible approach to generate field-based silica esti-
mation results from the analysis of respirable dust
samples with a portable FTIR. The mine-specific
quantification approach can be developed in a sin-
gle mine to induce low average relative difference
for the results compared to the standard analysis.

e A quantification approach that considers the min-
eral composition of each sample was indicated as
the necessary further step to improve the estima-
tion of silica in each respirable dust sample ana-
lyzed with the DoF-FTIR technique.

As explained in the introduction, the DoF-FTIR
technique is essential for the idea of using a portable
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FTIR unit for estimation of crystalline silica in respir-
able dust samples for future in-field exposure moni-
toring. This work contributes to the development of
the field-based respirable crystalline silica monitoring
approach and more generally to the NIOSH Mining
program outcome aimed at the idea of mine operators
adopting technologies and methodologies that provide
more accurate and timely monitoring of worker expo-
sures to known respirable hazards.
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