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Abstract

Introduction—Historic dust concentrations are available in a large-scale cohort study of workers
in a chrysotile mine and processing factories in Asbest, Russian Federation. Parallel dust
(gravimetric) and fibre (phase-contrast optical microscopy) concentrations collected in 1995, 2007
and 2013/14 were used to determine if dust to fibre conversion factors can be estimated.

Materials/subjects and methods—Daily medians of multiple parallel dust and fibre
concentrations by sampling points were used to derive fibre to dust ratios. Applying linear mixed
models, we estimated best linear unbiased predictions for the fibre to dust ratios.

Results and discussion—A total of 620 daily median fibre to dust ratios were derived. In the
factories, modelled ratios varied by unit, increasing along the stages of ashestos enrichment as
expected. In the mine, ratios were higher in winter compared to summer. Overall, the ratios
showed a strong negative dependency on dust concentration.

Conclusions—Our study shows that dust to fibre conversion is possible by unit but
extrapolations are needed. The patterns for exposure by dust and fibre will be similar but estimated
fibre levels will show less contrast due to the conversion factor being smaller at higher dust
concentrations.

Keywords
chrysotile; dust; fiber; conversion; ashestos

Introduction

Asbestos, a collective term given to a group of naturally forming minerals whose crystals
occur in fibrous forms (1), is a known carcinogen (2). The identification of associated health
risks has led to a large reduction in the commercial use of most types of asbestos and strict
regulations to limit exposure in workplaces where it is still used. Of these minerals,
chrysotile (white ashestos) is now the main type traded commercially and its extraction,
preparation and use involves mining, milling, manufacturing, construction and the
transportation, use and later disposal of products containing chrysotile (1).

Occupational exposure to asbestos is usually estimated using either dust or fibre
concentrations, or a combination of both. Cumulative fibre years (either measured or
estimated from dust) is the most common exposure index (3-10), however exposure has also
been estimated based on profession or other occupational history characteristics (11-13).
Fibre concentrations are considered to be a more relevant metric than dust concentration as
fibres can be isolated from other airborne particles, where dust also includes other airborne
materials, not exclusively asbestos (14,15). However, comprehensive fibre concentrations are
not always available and often derived from historic dust concentrations using conversion
factors, which is not without its challenges (4,16-21). Although there have been efforts to
develop a standard conversion factor to convert asbestos dust concentrations to fibre (20),
evidence shows that conversions are dependent on industry, asbestos based activity type,
asbestos type and other environmental airborne materials (22,23). This has led to the
conclusion that they should be specific to study settings (23). Even within studies, large
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variability in the conversion factors has been identified between factories on the same site
and, to a lesser extent, between work processes within a given factory (21,23).

The Russian Federation is currently the main producer of chrysotile asbestos, accounting for
over half of the world’s production (24). A historical cohort study (the Asbest Study) is
currently underway to examine the workers of the open-pit mine and production factories of
Joint Stock Company “Uralasbest”, in the city of Asbest in the Southern Urals (25). Almost
100,000 gravimetric dust concentrations recorded by sampling point from 1951 to 2001
were available for various parts of the mining and asbestos production at Uralasbest (26) as
dust levels were used to monitor workplace exposures in Russian workplaces. The mean
level of asbestos content in the ore at Uralasbest is 2.3% (27). Fibre measurements were not
routinely collected but parallel fibre and dust concentrations were available from three
independent projects carried out in 1995, 2007 and 2013/14. Here these data were examined
to determine if conversion factors could be derived by unit to estimate fibre concentrations
from dust concentrations.

Materials/subjects and method

Sampling:

The historical cohort study of which this work is a part was approved by the IARC Ethics
Committee (IEC No. 12-22, September 2012). The present investigation does not include
participant-level data.

Parallel dust and fibre measurements were taken at numerous stationary sampling points in
the factories and mine of Uralasbest in 1995, 2007 and 2013/14 as part of three projects.
They were pooled together and resulted in 620 fibre to dust ratios for analysis (Table 1).
Sampling points correspond to various locations in the factories and mine which are broadly
grouped into units relating to work processes associated with the mining and the enrichment
of chrysotile ashestos (26). For the mine, the unit categories were mining, mine dump,
drilling and rail transport (i.e., this unit includes rail transport associated with relocating the
extracted ore to other locations). For the factories, the unit categories were crushing and
sorting — main, crushing and sorting — drying and boiler, crushing and sorting — dust
chamber/bag house filter, enrichment — main, enrichment — dust chamber/bag house filter,
enrichment — dust/waste bunker, final product (packaging) and laboratory. In all projects the
measurements were collected by the Central Laboratory for Production Control (CL) at
Uralasbest. In 1995 and 2007, measurements were taken in two factories — Factory 4 and
Factory 6. As Factory 4 closed in 2010, measurements collected in 2013/14 were only for
Factory 6. In the mine, parallel measurements were only available for analysis in 2007 and
2013/14. Multiple dust measurements were taken per day by sampling point however the
sampling strategy was not precisely the same between the three projects. For fibre, either
one or two measurements per day by sampling point were taken in 1995 whereas multiple
measurements per day by sampling point were taken for 2007 and 2013/14.

In June 1995, the project involved a consortium of research institutions* and was part of a
larger 3-year occupational health safety program in the Russian Federation (28,29). From
their report (29), we extracted the data reported by the Russian Academy of Medical
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Sciences, Institute of Occupational Health (only Factory 4 and 6) and allowed for matching
of dust and fibre measurements by sampling start time and duration. This was not possible
for the remaining data. From March to September 2007, data collection for the project was
conducted by the CL as part of the regular Uralasbest monitoring program to which fibre
measurements were added. Finally, the 2013/14 project included measurements taken in the
winter period, November and December 2013 and again in January and February 2014, and
in the summer period, June to September 2014, specifically for the Asbest Study. In 2013/14
measurements were intentionally collected at the same sampling points in summer and
winter. The measurements from the three projects were categorised into seasons, broadly
defined as summer (June-September) and winter (October to May). The parallel dust and
fibre measurements were collected using two samplers, one for dust and the other for fibre,
placed side by side at a height of 1.5 metres from the ground. The collection was started at
the same time but the exact duration of the parallel dust and fibre sampling was not always
identical.

Gravimetric dust measurements were taken according to the Russian Methodological
Regulations No. 4436-87 (30,31). Dust measurements were collected using stationary
gravimetric samplers (air pumps “K-822" Krasnogvardeetzs Plant, Russia). Sampling times
differed by time period, ranging from 30-107 minutes in 1995, either 10, 15 or 30 minutes
in 2007 and with a fixed duration of 30 minutes in 2013/14. The samplers were typically run
at 20 I/min or 70 I/min. The concave air sampling heads had a diameter of 73mm or 55mm
with AFA VP 20 or AFA VP 10 filters and an exposed surface of 20 cm? or 10cm?
respectively (Figure 1). For larger filters (AFA VP 20), the maximum possible weight of
collected dust was 50 mg and for smaller filters (AFA VP 10), it was 25 mg. The size of the
sampling head used was dependent on the expected dust levels around the sampling point.
Where there was less dust in the area, the smaller sampling head was used with longer
sampling duration and faster suction speed, and vice versa. The filters were pre- and post-
weighed to determine mass gain and then converted into a dust concentration. The results are
expressed as milligrams of dust per cubic metre of air (mg/m3).

Fibre counting was done using the phase contrast optical microscopy (PCOM) method
following the Asbestos International Association’s Recommended Technical Method N 1
Counting Criteria (32). Separate fibre samplers and filters were used to collect fibre
measurements. The samplers had standard Millipore MAWO 025 AC cassettes with
Millipore AC filters (25 mm diameter) (Figure 2). The fibre sampling duration ranged from
30 to 69 minutes in 1995 and, in 2007 and 2013/14, was 30, 20, 10, 5 or 1 minute(s)
depending on the expected level of dust at the sampling point. Where the dust levels were
higher, a shorter sampling time for the fibre measurements was set. This was determined
largely by experience of a CL expert in the first instance, but then tested by a pilot fibre
sample taken at a given sampling point for quality control. The resulting fibre concentrations
were expressed as fibres per cubic centimetre of air (f/cm3).

*Russian Academy Medical Sciences (SRIOH), Ekaterinburg Medical Research Center (EMRC), Finnish Institute Occupational
Health (FOH) and US National Institute for Occupational Safety and Hygiene (NIOSH).
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Exclusion of extreme values:

As asbestos fibre concentrations below 0.1 f/cm? are not considered reliable (33), values
below this level were excluded with the paired dust sample prior to analysis (only one
concentration from 1995). Extreme dust or fibre concentrations, defined as over 20 mg/m? or
50 f/cm3 respectively, were also excluded along with their paired fibre or dust concentration
to eliminate outliers. These exclusions reduced the total sample of individual dust and fibre
concentrations by 80 out of 2,144 (3.7%).

Fibre to dust ratio:

A daily median was calculated by sampling point and by measurement type (i.e. dust or
fibre). A total of 620 parallel daily median dust and fibre concentrations were then used to
calculate a daily median fibre to dust ratio by sampling point (1000 f/mg dust). The resulting
ratios were assessed for normality which showed the distribution of the ratios was right
skewed and they were subsequently log transformed, as in previous studies (15,16).

Statistical Methods:

Using the log transformed fibre to dust ratios, linear mixed models were built (34) to
estimate the log transformed fibre to dust ratio separately for the mine and factories as a
function of year of sampling, season and unit. The models included fixed effects of year of
sampling (1995, 2007, 2013/14) and season (winter/summer) and random effects for unit.
Preliminary analyses showed a dependence of the ratio on the median daily dust
concentration, whereby the fibre to dust ratio decreased with increasing dust concentration.
This was accounted for by including daily median dust concentration as a fixed effect in the
model. The data were analysed using SAS version 9.3 (SAS Institute, Cary NC).

Sensitivity analysis:
We also considered an alternative approach by modelling the ratio of the daily (arithmetic)
mean fibre concentration to mean dust concentration. That is, the daily mean was calculated
by measurement type and then transformed to a daily mean fibre to dust ratio by sampling
point and then modelled the log transformed ratios.

Estimating fibre concentration:

We subsequently estimated historic mean fibre concentrations based on measured dust
concentrations. This was done initially by factory or mine and then for selected units. In
order to estimate fibre concentration in the units, we applied the individual fixed effects
estimates from the model plus the unit specific random effect by using the best linear
unbiased predictions (BLUPS). As the range of measured dust concentrations used to model
the conversion factors was 0.1 to ~15 mg/m3, we only estimated the fibre concentration for
years in which the geometric mean calculated from the historic dust concentrations did not
exceed 15 mg/m3.

Int J Hyg Environ Health. Author manuscript; available in PMC 2019 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Feletto et al.

Results

Page 6

The overall daily median fibre concentration for the factories was 0.92 f/cm3 in 1995, 2.50
f/cm3 in 2007 and 2.22 f/cm?3 in 2013/14. In the mine, the median fibre was 0.80 f/cm3 in
2007 and 0.63 f/cm?3 in 2013/14. The overall daily median dust concentration for the
factories was 0.80 mg/m3 in 1995, 2.70 mg/m?3 in 2007 and 2.88 mg/m3 in 2013/14. In the
mine, the median dust was 0.93 mg/m?3 in 2007 and 0.59 mg/m3 in 2013/14. The overall
fibre to dust ratio in the factories was 1.15 in 1995, 0.98 in 2007 and 0.66 in 2013/14. In the
mine, the median fibre to dust ratio was 0.92 in 2007 and 1.20 in 2013/14. The fibre and dust
concentrations and fibre to dust ratios are detailed by unit in Table 1 and Table 2. Figure 3 &
Figure 4 show the distribution of the fibre to dust ratios for all years of sampling by unit in
the mine and the factories, respectively. These figures show that the median fibre to dust
ratios across the units in the mine ranged from 0.58 to 1.09. The ratios in the factories
depended on unit and were in an a priori expected direction; that is there were increasing
fibre to dust ratios as asbestos enrichment process progressed from the main unit of crushing
and sorting through enrichment to final product (where chrysotile is packaged for sale).

The results of the linear mixed model for the mine and factories are shown in Table 3 and
Table 4, respectively, including the estimated average fibre to dust ratios (geometric mean
ratios) by unit and other factors. In the mine, the fibre to dust ratios collected in 2007 were
31% higher than in 2013/14, with the difference for 2007 approaching statistical significance
(p=0.06). In the factories, the fibre to dust ratios collected in 1995 and 2007 were 48% and
36% higher than in 2013/14, respectively, both being statistically significant. In the factories
there was no statistical difference in ratios between summer and winter. However, in the
open-pit mine the ratios based on concentrations from the winter season were 67% higher
than those in summer (p=0.01). The fibre to dust ratio was also significantly dependant on
the median dust concentration, for every 1 mg/m?3 increase in the dust concentration the fibre
to dust ratio decreased by 9% in the factories and 20% in the mine. The p-value for the
variance between units was approaching statistical significance in the factories (p=0.06),
supporting what was seen in Figure 4, and was not statistically significant in the mine
(p=0.39) suggesting that there was no difference between the mine units.

The results of the sensitivity analysis using the mean are also shown in Table 3 and Table 4.
The fixed and random effect estimates were similar to the original and the Akaike
information criterion (AIC) was 737.0 for the mean concentrations vs 744.9 in the model
using medians concentrations for the factories and 169.2 vs 162.8 for the mine, respectively,
suggesting that the quality of the models was similar (35). This indicated a slightly better fit
using the mean concentrations than the model using the median concentrations for the
factories and the inverse for the mine.

Figure 5, figure 6 and figure 7 show the annual geometric mean dust concentrations from the
historical database and the estimated annual mean fibre concentrations derived using the
estimates from the conversion model. Historic measured dust concentrations showed more
contrast between the factories and mine as well as between units within the factories and
mine than seen for the estimated fibre concentrations. The patterns for exposure by dust and
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fibre will be similar but estimated fibre levels will show less contrast due to the conversion
factor being smaller at higher dust concentrations.

Discussion

The Asbest Study provides one of the largest pools of parallel dust and fibre measurement
from which conversion factors could be derived for chrysotile mining and processing. Our
comparison showed differences in the modelled fibre to dust ratio by unit in the factories,
and season in the open-pit mine, which were strongly dependent on measured dust levels.
There was very little difference between the modelled data using the daily median
concentrations and daily mean concentrations. We chose to use the daily median
concentrations as they are less sensitive to individual outliers. The three major findings from
our analysis were 1) the variability of fibre to dust ratio by unit in the factories, 2) the
dependency of the fibre to dust ratio on dust level, and 3) higher fibre to dust ratios in the
winter in the mine.

Previous work has highlighted differences between and within study sites when deriving
conversion factors. For example, Puledda and Marconi (23)’s pooled analysis included a
chrysotile mining and milling plant divided into four categories with three ranges of
conversion factors per process: splitting (0.4-0.7), oven drying (1.8-3.4), silo sorting (4.0-
4.9), and packing (1.7-2.1) (23). For the broadly equivalent units of Uralasbest, the random
unit effect estimates were 0.65 (“Crushing and sorting: main™), 0.73 (“Crushing and sorting:
drying and boiler”), 1.20 (“Enrichment: main”) and 1.08 (“Final product (packaging)”),
respectively. The individual dust and fibre concentrations in the Puledda and Marconi study
were lower than those measured at the Ural Asbest data. The fibre to dust ratios increased
when the dust concentration decreased in both studies.

Other studies reporting conversions of dust were predominantly in other industries or using
different measurement methods or units of measurements thus making the resulting
conversion factors difficult to compare (4,7,21,36). Many were in textile factories where
finished, enriched asbestos is used compared to Uralasbest where the processing involved
multiple stages of crushing and enriching asbestos containing ore. Some parts of textile
manufacturing could be compared to the Uralasbest “Final product (packaging)” unit, where
the enriched asbestos is packaged for commercial use. A chrysotile asbestos textile plant in
Chongging, China, the fibre to dust ratio in the raw materials workshop was 2.32, twice as
high as the ratio from Uralasbest for “Final product (packaging)” (4). This study used a
similar gravimetric measurement method for assessing the dust concentration and a similar
counting method for fibres as the Asbest Study but, although it was not reported by Deng et
al (4), the samplers used and their efficiency were most likely different to those used at
Uralasbest. Thus, fibre to dust ratios from the few reported in textile industries appear to be
comparably higher, perhaps reflecting higher levels of airborne fibre concentrations as part
of the textile treatment process or lower levels of dust as only the enriched product is used.
From these comparisons, we can also see that fibre to dust ratios and conversion factors are
industry, work process and study site specific.
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There was a clear dependency of the fibre to dust ratio on measured dust levels in the
Uralasbest data; for every 1 mg/m3 increase in dust concentration the fibre to dust ratio
decreased by 9% in the factories and 20% in the mine. Identifying the same phenomenon,
Puledda and Marconi (23) noted two potential explanations. One, increased dust
concentrations might result in overloading of the filter rendering fibre counting more
difficult and less precise. Two, the presence of other dust sources in the environment
increases the dust concentration but has no impact on the fibres and thus lowers the fibre to
dust ratio. In their study, dust and fibre measurements were taken using the same filters from
which they saw a direct effect of excessive dust on the ability to count fibres (23). They
noted that non-ashestos particulates interfered with the fibre count and influenced the
conversion factor, but no adjustment was made to allow for excessive dust density (23).
Supplementary analyses on our data considered measured dust and sampling duration of the
fibre sample. We saw that fibre sampling duration was clearly dependent on dust
concentration. That is, when high dust concentrations (over 10 mg/m3) were recorded at a
sampling point, the parallel fibre sampling duration at that sampling point was only 1 or 5
minutes. Whereas at sampling points with low dust concentrations, the fibre sampling
durations were over 10 minutes. This was a result of the CL’ s measurement strategy and
procedures which included pilot fibre and dust measurements at each sampling point to
minimize the risk of overloaded filters. Therefore overloading of fibre filters from non-
asbestos dust particles was unlikely in our study and the lower fibre to dust ratios are not
expected to be a result of problematic fibre counting due to overloading of filters used in the
fibre measurements but more likely to be a result of non-asbestos fibres containing dusts
from other sources.

We saw evidence of seasonal differences in ratios in the mine, with ratios from the winter
months being 67% higher than those from the summer months. In an open-pit mine such as
this, snow coverage reduces the amount of airborne dust in the air leading to lower dust
concentrations but this does not seem to impact fibre counts to the same extent thus resulting
in higher fibre to dust ratios in winter. Seasonal differences should be interpreted cautiously
in the mine as the winter measurements were all collected in 2013/14 (n=21) whereas the
summer concentrations taken in 2007 (n=60) and 2013/14 (n=21). Other factors may have
played a role, but seasonal differences appear to be the most likely explanation for the higher
ratios seen in the winter. On the other hand, in the factories, the fibre to dust ratio increased
only slightly in the winter compared to the summer suggesting that season did not affect the
ratios.

It is important to note the inherent assumptions in this analysis and the potential to introduce
error when converting dust to fibre concentrations. Although 620 parallel dust and fibre
concentrations were analysed to derive these conversion factors, samples were available for
only two factories of Uralasbest and only from recent years of production. The parallel
samples were taken either at the end or after the time period (1951 to 2010) for which
exposure will have to be estimated in the cohort study (25). Applying conversion factors
from these data to dust concentrations collected 40-60 years earlier will be challenging.
Dust concentrations measured and included in the conversion data (for all years of sampling)
were up to 15 mg/m3. Applying our model to estimate fibre concentrations at dust levels
above 15 mg/m3 (which occurred prior to 1960) would lead to unrealistically low fibre
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concentrations. For this reason, in this analysis we calculated the annual geometric means
from the historic dust concentrations and only estimated the annual fibre concentrations
were the dust geometric mean was < 15mg/m3. We are also aware that exposure to asbestos
might have altered over time for instance due to change in the percentage of asbestos in the
ore. The ratios derived using data from three independent projects conducted in different
time periods showed that the ratios generally decreased over time and were not constant.
Extrapolating to earlier years should be done with caution, especially considering that
process automation and the introduction of more modern technologies, changed mining and
asbestos processing practices and allowed for enrichment of ore with lower chrysotile
content. We have no ability to account for these changes in our model.

Conclusion

In conclusion, our analysis has shown that the ratios of fibre to dust concentrations from
Uralasbest are significantly different by unit in the factory and, in the mine, by season. The
fibre to dust ratio also appeared to be strongly dependent on the airborne dust levels present.
Our study shows that the conversion of asbestos dust to fibre is possible for dust exposure
under 15 mg/m3. However, it should be done at the unit level with adjustment for actual dust
concentrations present. Applying the derived fibre to dust ratios where dust concentrations
were >15 mg/m3 will require additional assumptions to be made. From this we will be able
to estimate historical fibre exposure for epidemiological exposure response analyses in the
Asbest Study. However, estimates of (cumulative) airborne dust exposure will remain an
unequivocal measure of exposure compared to estimated fibre concentrations given the
availability of dust exposure measurements over 5 decades.
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Highlights:

. This is one of the largest reported analyses of parallel dust and fibre
measurements in a chrysotile mine and processing factories to date.

. Conversion factors from dust to fibres varied by unit and, in the mine, by
season. They were also dependent on actual dust concentrations.

. These results enable estimation of historical fibre exposure for
epidemiological exposure response analyses.
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Figure 1:
Dust sampler heads and filters
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Figure 2:
Fibre sampler cassette and filter
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Figure 3:
Fibre to dust ratios by unit: Mine
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Factories 4 & 6: all years of sampling
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Figure 4:
Fibre to dust ratios by unit: Factory 4 & 6
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Table 3:

Mine Linear Mixed Model: Fixed and Random Effects

Page 22

Original Model (Median Daily Concentrations) n= 95

Alternative Model (Mean Daily Concentrations) n= 95

Model Parameters/variance components

b

Estimate | gMR SE p-value Estimate | MR SE p-value
Intercept -0.05 0.95 0.13 0.70 Intercept -0.05 0.95 0.13 0.69
Year of sampling: 2007 0.27 1.31 0.14 0.06 Year of sampling: 2007 0.23 1.25 0.13 0.09
Year of sampling: 2013/14 | 0.00 year or sampling: 0.00
Season: Winter 0.51 1.67 0.18 0.01 Season: Winter 0.51 1.66 0.17 0.00
Season: Summer 0.00 Season: Summer 0.00
Median Dust Concentration | —0.23 0.80 0.02 <.0001 Mean Dust Concentration | -0.21 0.81 0.02 <.0001
Random effects terms
Estimate | gmr? | sEP p-value Estimate | gmr? | seP p-value
Mining -0.02 0.98 0.06 0.78 Mining -0.03 0.97 0.08 0.73
Mine dump -0.02 0.98 0.06 0.70 Mine dump -0.05 0.95 0.07 0.50
Drilling 0.04 1.04 0.06 0.45 Drilling 0.07 1.08 0.07 0.31
Rail transport 0.00 1.00 0.06 0.96 Rail transport 0.01 1.01 0.07 0.93
Variance components
Estimate | ggb p-value | variance® Estimate | ggP P-value | wvariance®
Between units 0.00 0.01 0.39 1.38% Between units 0.008 0.01628 | 0.31 3.20%
Residual 0.28 0.04 <.0001 98.62% Residual 0.2418 0.03637 | <.0001 96.80%

aGMR: Geometric Mean Ratio

bSE: Standard Error

c . )
variance from model with random effects
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Table 4:

Factory Linear Mixed Model: Fixed and Random Effects

Page 23

Original Model (Median Daily Concentrations) n= 525

Alternative Model (Mean Daily Concentrations) n= 525

Model Parameters/variance components

b

Estimate | gMR SE p-value Estimate | gMR SE p-value
Intercept -0.04 0.96 0.12 0.72 Intercept -0.03 0.97 0.12 0.83
Year of sampling: 1995 0.39 1.48 0.15 0.01 Year of sampling: 1995 0.38 1.46 0.14 0.01
Year of sampling: 2007 0.31 1.36 0.05 <.0001 Year of sampling: 2007 0.31 1.37 0.05 <.0001
Year of sampling: 2013/14 0.00 ggiglt)lf4sampllng: 0.00
Season: Winter 0.04 1.04 0.04 0.34 Season: Winter 0.02 1.02 0.04 0.63
Season: Summer 0.00 Season: Summer 0.00
Median Dust Concentration | -0.09 0.91 0.01 <.0001 Mean Dust Concentration | —0.09 0.91 0.01 <.0001

Random effects terms

Estimate [ gvr?® | seP p-value Estimate [ gmr® | seP p-value
Crushing and sorting - _ Crushing and sorting - _
main 0.43 0.65 0.12 0.00 main 0.43 0.65 0.12 0.00

. . Crushing and sorting -
Crushing and sorting —dust
chamber/bag house filter 0.13 1.14 0.20 0.50 ?itljtsetrchamber/bag house 0.14 1.15 0.20 0.49
Crushing and sorting - _ Crushing and sorting - _
drying and boiler 0.31 0.73 0.12 0.01 drying and boiler 0.32 0.73 0.13 0.01
Enrichment — main 0.18 1.20 0.12 0.12 Enrichment - main 0.17 1.19 0.12 0.14
Enrichment - dust Enrichment - dust
chamber/bag house filter 0.30 1.35 0.17 0.08 chamber/bag house filter 0.31 1.37 0.17 0.07
Enrichment - dust/waste Enrichment - dust/waste
bunker -0.14 0.87 0.18 0.45 bunker -0.14 0.87 0.18 0.44
Final Product (packaging) 0.07 1.08 0.12 0.56 Final Product (packaging) | 0.08 1.09 0.12 0.50
Laboratory 0.19 121 0.20 0.34 Laboratory 0.18 1.20 0.20 0.37
Variance components

Estimate | ggP p-value | variance® Estimate | ggP p-value | variance®
Between units 0.08 0.05 0.06 26.67% Between units 0.09 0.05 0.05 28.04%
Residual 0.22 0.01 <.0001 | 73.33% Residual 0.22 0.01 <.0001 | 71.96%

a . .
GMR: Geometric Mean Ratio

bSE: Standard Error

[ .
variance from model with random effects
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