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Abstract

Introduction: Respirable crystalline silica (RCS) exposures in tanzanite gem mining have been linked to tuberculosis and silicosis
among miners. We conducted a plot study to assess RCS exposures and to introduce safer mining practices in one small-scale
underground tanzanite mine.

Materials and methods: Personal and area air samples for RCS were collected during tanzanite mining operations before and
after improved work practices employed to reduce exposures and analyzed using X-ray diffraction. Area samples were collected
at the rest area, located approximately 300 m underground and 100 m from other work activities. Improved practices included
the use of wet drilling methods and drilling with new bits.

Results: A total of 33 personal and 4 area air samples were collected. Pre-intervention, mean exposures for all operations, drilling
operations, non-drilling activities, and area samples were 122 mg/m?, 247 mg/m?3, 34.3 mg/m?, and 1.95 mg/m?, respectively
which exceeded the U.S. OSHA Permissible Exposure Limit (PEL) by 2,440 times for all operations, by 4,946 times for drilling
operations, by 686 times for non-drilling activities and 39 times for area samples collected at an underground rest area. The post-
intervention results showed a 99% reduction of RCS exposures for wet drilling operations, 98.5% reduction for non-drilling activ-
ities, and 36% reduction for area samples. Despite improvements, post-intervention RCS exposures during drilling had a mean
of 2.08 mg/m® or more than 41 times the OSHA PEL.

Conclusions: We successfully piloted a program to work with small-scale tanzanite miners to reduce RCS exposures and raise
awareness about the occupational health risks of RCS, though additional measures are recommended to further reduce RCS ex-
posures. Similar programs should be taken to scale throughout underground mining sites in Tanzania and other countries.
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What's Important About This Paper?

This study reports a pilot program involving wet drilling methods and new drilling bits that successfully reduced exposures
to respirable crystalline silica in small-scale Tanzanite mining in Tanzania. The research demonstrates that silica exposure
in small-scale mining is significant but can be reduced through sustainable workplace interventions within vulnerable
communities.

Introduction ceded to the British, under whose colonial authority
mining activities expanded. Mining focused on gold,

Mining in Tanzania in the modern era dates back . ; .
diamonds, and a variety of coloured gemstones, until

over one hundred years under German colonial rule,

during the First World War (Howard 2011). After the discovery of tanzanite gems in late 1960s opened
the end of the war, control of Tanganyika arca was  UP @ N€W opportunity in Northern Tanzania. Presently,
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tanzanite mining remains an important economic
force in Tanzania. The Merelani Hills in the Simanjiro
Manyara Region is the only place where tanzanite is
found in commercial quantities (Howard 2011).

A major occupational health hazard associated with
mining is exposure to RCS which is known to cause
silicosis, cancer, and other disease (NIOSH 2002;
Gottesfeld et al. 2015). Recent studies from Malawi,
Ghana, and Zimbabwe have demonstrated signifi-
cantly greater TB incidence rates among miners than
the general population and greater risks for pulmonary
TB among informal miners than those employed in
industrial mining (Rambiki et al. 2020; Ohene et al.
2021; Moyo et al. 2022). Informal miners in Malawi
exhibit a 50% higher likelihood of TB compared to
those in formal sector mining (Rambiki et al. 2020). TB
is also the leading cause of death among people with
HIV highlighting the importance of controlling RCS
exposures in countries with a high HIV prevalence (
WHO 2023).

A recently published review article covering 18
studies that included 29,562 artisanal and small-scale
miners from 10 countries showed that silicosis preva-
lence ranged from 11% to 37% (Howlett et al. 2023).
The authors identified 8 studies that included air sam-
pling results demonstrating high levels of RCS ranging
from 0.19 to 89.5 mg/m?® (Howlett et al. 2023).

Miners with active TB also contribute to secondary
TB infections in the general population due to migra-
tion and therefore have a much greater impact than
their numbers alone suggest (Rees et al. 2010). Apart
from working with silica dust exposures in poorly ven-
tilated areas, mining sites in Tanzania serve to increase
community TB transmission in lower burden settings
as workers with active TB return home (Mpagama et
al. 2015). Miners in Tanzania also account for a signifi-
cant percentage of TB patients who are later admitted
for retreatment putting an extra burden on health sys-
tems (Mpagama et al. 20135).

Crystalline silica in the form of quartz is the most
common component of soil and rock. Exposures to
RCS from large-scale gold mining operations have
been well documented in the past (Churchyard et al.
2004; Verma et al. 2014). A small number of studies
have measured RCS in artisanal, small-scale mining
(Gottesfeld et al. 2019; Mbuya et al. 2023). However,
we are unaware of any publication measuring task-
specific exposures or studies demonstrating the effi-
cacy of silica reduction efforts in small-scale tanzanite
mining.

Tanzanite miners typically use pneumatic jackleg
drills from a compressors powered with electricity at
the surface while working in underground mines. The
jacklegs are used to loosen and remove waste rock
and ore, which are then gathered in bags and brought
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to the surface using a manual or powered winch. On
the surface mine tailings are transported to the waste
storage areas. RCS dust is released into the air when
miners drill, remove, and transport large quantities of
rock in the effort to extract gemstone.

While attention is paid to reducing RCS expos-
ures in industrial mines in Tanzania, the Ministry of
Minerals has taken a number of steps to help formalize
artisanal and small-scale mining. These programs in-
clude establishing specific zones for ASM, simplifying
licensing procedures, and implementing training
programs Despite these efforts, there has been little
change and artisanal and small-scale mining con-
tinues without regard to health and safety consider-
ations (Gottesfeld et al. 2015; Mutagwaba et al. 2018).
Almost all tanzanite mines operate with informal labor
arrangements.

This study was conducted to assess RCS expos-
ures and to pilot safer mining practices including dust
controls in one underground tanzanite mine. Because
small-scale tanzanite miners lack basic personal pro-
tective equipment and generally operate equipment
without dust controls in locations without ventila-
tion, it is important to assess these exposures to better
understand potential interventions, their limitations,
and resulting risks for silicosis and TB.

Materials and methods

The mine owners cooperated in agreeing to the project
plan and by asking miners to participate in training
programs and assessments. In addition, the owners or-
ganized all the necessary support required during site
monitoring and invested in capital improvements to
introduce wet drilling.

An initial walkthrough survey was done in the
underground tanzanite mine at approximately 400
m depth to evaluate the equipment employed, char-
acterize similar exposure groups, and to gain a better
understanding of work practices related to RCS ex-
posures. We joined the mine supervisor in our initial
visit to the underground mine to observe work prac-
tices and speak with the more experienced miners.
After assessing the mine site, we conducted a meeting
with owner’s representative and miners to inform them
about the visit, observations, and plans to conduct the
air monitoring to implement site improvements.

We then conducted a 4-h training session with the
miners to explain the hazards of RCS exposures and
plans to implement dust controls to minimize expos-
ures to protect workers. The training topics included
sources of RCS, mining practices and behaviors con-
tributing to RCS, health effects of RCS exposure (e.g.
silicosis, TB, risks with HIV-positive miners, and lung
cancer), and dust control measures. Furthermore, the
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training covered how to put on and handle the air sam-
pling equipment.

Sample collection

Personal and area sampling for RCS was conducted
during representative mining activities. Work tasks
were divided so as to include personal samples for
miners drilling, charging and blasting, waste rock bag-
ging, and the manual movement of ore and tailings.
All described operations were carried out by miners
within § to 30 m from each other. In addition, a per-
sonal sample was used to assess the mine supervisor’s
exposure during the walkthrough survey and area
monitors were set up in an underground rest area.
Surface level activities that were monitored included
the unpacking of waste rock bags into the truck.

The initial assessment was conducted in September
2022, after the workers training session but before the
introduction of wet practices. In January 2023, add-
itional air quality monitoring was conducted after the
introduction of semi-wet and wet mining practices.
During the second assessment, we also measured RCS
concentrations during drilling with new drill bits as re-
commended after the initial air sampling assessment.

A total of 37 (33 personal and 4 area) air samples
were collected for RCS. A total of 19 samples were
initially collected while workers used dry work prac-
tices and standard drilling equipment. Dry methods
included pneumatic drilling, rock bagging, handling,
and transport under dry conditions. An additional 18
samples were collected during the post-intervention
phase, including 12 samples when workers used semi-
wet practices and 6 when workers used wet practices.
Semi-wet practices refer to the event that miners started
using a wet pneumatic drill, but the drill experienced
a loss of water and compressed air to the extent that
the drilling machine could not push out the mud and
continue to drill. After experiencing these mechanical
issues, the miners continued drilling under dry condi-
tion for the duration of the sampling period. Wet prac-
tices included wet pneumatic drilling and continual
ore wetting during drilling, blasting and non-drilling
activities.

RCS samples were collected using battery oper-
ated SKC Aircheck Model 224-PCXR4 air sampling
pumps, SKC aluminum cyclones (SKC No. 225-01-
02), tygon tubes, and 37-mm polyvinyl chloride (PVC,
5 pum pore size) filter cassettes as per NIOSH Method
7500 requirements. The air sampling pumps were cali-
brated using primary standard flow meter (Mesa Labs
Biodefender 510) and set at the flow rate of 2.5 L/min
before sampling. At the end of the sampling period, a
post calibration check was done to measure flow rates
for each pump. There was no deviation of more than
+5% in flow rates observed. For personal samples, the

cassette was clipped to the workers lapel area in a ver-
tically downward position. All personal samples reflect
full shift (124 to 504 min) except the mine supervisor
who was only monitored for a portion of his work
day when he was underground (61 to 64 min). Each
miner conducted a specific task for their full shift of
variable length. Stationary area air samples were col-
lected at the rest area located approximately 300 m
depth underground, 100 m from other work activities.
Samplers operated for the duration of the work shift.
A field blank was collected on each of the monitoring
days as per NIOSH Method 7500 requirements.
Samples were sent to Bureau Veritas (Novi, Michigan),
an American Industrial Hygiene Association accredited
laboratory for the analysis of crystalline silica using
NIOSH Method 7500 with X-ray diffraction. Results
were reported in mg/m?. The limit of detection for the
analysis was reported as 0.005 mg/filter. [HSTAT™
software was used for the statistical assessment.

Results

Table 1 summarizes the mean exposure for 17 personal
samples measured underground before the introduc-
tion of improved work practices. The mean exposure
was 122 mg/m? which exceeds the U.S. OSHA PEL by
2,440 times. The results show that all personal sam-
ples were above the PEL for RCS of 0.05 mg/m?. The
maximum RCS measured was 370 mg/m’ from pneu-
matic drilling, which is 7,400-fold higher than the PEL.
On the surface, the dumper operator had an exposure
0.18 mg/m?® or 3.6-fold higher than the PEL.

The pre-intervention mean personal exposure for
underground drilling operations was 247 mg/m® (range
from 194 to 288 mg/m’), and the mean for all non-
drilling operational activities was 34.3 mg/m? (range 10.7
to 79.7 mg/m?). The mean of the non-operational area
samples in the underground rest area was 1.95 mg/m°.

Table 2 provides results for 16 post-intervention
samples (11 semi-wet and 5 wet) for underground
mining operations. The overall mean was 9.01 mg/m?,
which is 180-fold higher than the PEL. Figure 1 shows
the exposure reductions post-intervention with a
mean RCS level for semi-wet drilling of 16.4 mg/m’,
which is 93% lower than pre-intervention and a mean
of 2.08 for wet drilling which is 99% lower than
pre-intervention.

The mean RCS level for semi-wet non-drilling ac-
tivities was 2.51 mg/m? (range from 7.59 mg/m’ to
19.42 mg/m?) which is 50.2-fold higher than the PEL
and was 0.50 mg/m’ (range from 1.07 mg/m?® and
2.37 mg/m?) for wet non-drilling activities which is
10-fold higher than the PEL. Area samples at the rest
area post-intervention for RCS was 0.3 mg/m?, which
is 6 times higher than the PEL.
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Table 1. Pre-intervention personal exposure levels of respirable crystalline silica (RCS).

Sample Job type/Work activity Sampling RCS Ratio

number duration (min) (mg/m?) RCS/PEL

MS S Underground rock pneumatic drilling 240 370 7,400

MS 4 Underground rock pneumatic drilling 240 300 6,000

MS 3 Underground rock pneumatic drilling 300 210 4,200

MS 1 Underground blasting and manual 343 29 580
transportation of rock bags

MS 8 Underground manual transportation 185 36 720
rock bags

MS 10 Underground manual waste rock bags 185 14 280
packing

MS 11 Underground rock pneumatic drilling 320 270 5400
and manual transportation rock bags

MS 2 Underground rock pneumatic drilling 380 270 5,400

MS 12 Surface dumper operator (3trips) 139 0.18 3.6

MS 13 Underground manual waste rock bag 321 220 4,400
packing

MS 14 Surface unpacking waste rock bag 202 1.5 30
dumper

MS 15 Underground rock pneumatic drilling 336 260 5,200
and manual transportation bags

MS 16 Underground manual waste rock bag 124 5.2 104
packing

MS 17 Underground rock pneumatic drilling 352 51 1,020
and manual transportation rock bags

MS 20 Underground walkthrough survey (site 61 1 20
supervisor)

MS 19 Underground blasting 285 31 620

MS 18 Underground manual transportation 331 51 102
rock bags

Mean 122 2,440
Discussion underground mining operations compared with pre-

This study highlighted that both pneumatic drilling
and non-drilling activities in tanzanite underground
mining exposed miners to RCS levels surpassing the
U.S. OSHA PEL by 4946-fold and 686-fold, respect-
ively, and the exposures were particularly elevated
when employing dry methods (Tables 1 and 2).

Previous research in the Shinyanga region of
Tanzania indicated that average airborne exposures
during pneumatic drilling among informal under-
ground gold miners were 337 times the current U.S.
OSHA PEL for RCS (Gottesfeld et al. 2015). These ex-
posures raise concern for possible acute silicosis among
miners and can contribute to TB risk among miners
(Gottesfeld et al. 2015).

In addition, our study revealed that introduction
of wet methods and use of a new drilling bits showed
an overall 99% reduction in RCS exposures for all

intervention levels. Moreover, semi-wet methods
operations reduced RCS exposures by 90%. RCS
concentrations were also reduced in the rest area
by 36% after the intervention. The reduction in ex-
posures observed in this study are greater than seen
in other intervention research. For example, a study
done among artisanal gold miners in Nigeria revealed
that introducing wet methods reduced RCS by 80%
(Gottesfeld et al. 2019).

The study indicated a shared interest and motivation
among both mining owners and miners to mitigate ex-
posure to RCS and alleviate associated health risks. Mine
owners actively participated in the study by introducing
wet pneumatic drills, acquiring new drilling bits, and in-
stalling water pipes and storage tanks. Miners willingly
underwent training, adopted wet methods, and carried
sampling equipment as part of these efforts.
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Table 2. Post-intervention underground personal exposure levels of respirable crystalline silica (RCS).

Sample Job type/work activity

Sampling RCS Ratio

number duration (min) (mg/m?) RCS/PEL
03 Semi-wet rock pneumatic drilling and manual transportation rock bags 492 50 1,000
02 Semi-wet rock pneumatic drilling and manual transportation rock bags 376 18 360
07 Semi-wet rock pneumatic drilling, charging and blasting 480 31 62
04 Semi-wet rock pneumatic drilling and manual transportation rock bags 476 12 240
06 Semi-wet rock pneumatic drilling 480 15 300
09 Wet rock pneumatic drilling and manual transportation rock bags 494 0.96 19.2
12 Wet manual waste rock bags packing 478 0.37 7.4
13 Wet manual transportation rock bags 429 0.32 6.4
11 Wet manual transportation rock bags 504 0.8 16
10 Wet rock pneumatic drilling 504 3.2 64
14 Semi-wet rock pneumatic drilling 362 14 280
15 Semi-wet rock pneumatic drilling and manual transportation rock bags 364 14 280
16 Semi-wet manual waste rock bags packing 367 2.8 56
17 Semi-wet charging and blasting 347 4.4 88
18 Semi-wet walkthrough survey 64 0.33 6.6
19 Semi-Wet rock pneumatic drilling 362 4.8 96
Mean 9.01 180
400
350 °
300
250
)
=
< 200
E
"
& 150
100

50

Pre-intervention Post-intervention(Sem-wet) Postintervention|wet)

Fig. 1. Mean RCS personal exposure (mg/m?®) for all underground drilling activities pre and post-intervention.

Our study assessed RCS exposure according to
different specific activities and revealed that drillers
were exposed to higher levels of RCS compared to
other tasks. No other studies were found that specif-
ically evaluated RCS exposure for specific activities in

tanzanite mining. The task-specific exposures noted in
our study were considerably higher than the results
from tanzanite mining reported by Mbuya et al. (2023).
However, the median level reported of 1.23 mg/m?
from Mbuya et al. (2023) study was similar to our
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median pre-intervention area air sample results. Their
study did not record work assignments or activities
for the workers that were monitored which may ex-
plain the discrepancy in measured RCS. In addition,
whereas the present study analyzed silica content using
NIOSH method 7500 with X-ray diffraction, Mbuya
et al. (2023) relied on infrared absorption spectro-
photometry with NIOSH method 7602. In comparing
these analytical methods, XRD is considered a signifi-
cantly more robust technique to analyze workplace
samples due to less interferences from the common
matrixes with the exception of high iron loaded sam-
ples (Akemi et al. 2022). Furthermore, XRD is able
to more accurately analyze samples with much higher
loading (Akemi et al. 2022).

Laboratory studies in the United States demonstrated
that the use of sharp (new) drilling bits and substituting
pneumatic drilling with electric drilling reduces expos-
ures to RCS during concrete drilling. The study pub-
lished in 2017 showed that the sharp bits reduced the
mean RCS from 0.74 to 0.41mg/m? for a first sample
and 0.89 to 0.41 mg/m’ for the second sample (Carty
et al. 2017). Another laboratory study comparing RCS
exposures during concrete drilling using pneumatic
and electric rotary hammer drilling found that mean
RCS was 22.23 mg/m? with pneumatic drilling and
0.55 mg/m?® with electric drilling (David et al. 2019).

A study summarizing data from formal sector metal
and nonmetal miners in the United States from 2000 to
2019 showed that overall RCS exposures for surface
and underground miners had a mean RCS exposure
of 47.8 pg/m? and Geometric Mean (GM) exposure of
28.9 pug/m’ (Misra et al. 2023) In contrast, our study of
informal tanzanite miners had a mean pre-intervention
RCS exposure of 122 mg/m? or more than 2,550-fold
greater than formal sector miners in the United States.

Silicosis is normally not apparent until 20 yr or more
after the first exposure to RCS. However, exposure to
extremely high concentrations of RCS as observed with
underground pneumatic drilling, are associated with
an acute or accelerated form of silicosis that can occur
within 1 to 3 yr (Akgun et al. 2006). Accelerated sili-
cosis has been reported among gold miners in China,
Scottish-stonemasons, and those installing engineered
stone countertops (Akgun et al. 2006). In addition,
silica exposed miners have up to 4 times greater risk of
acquiring active TB (Ehrlich 2021).

Conclusions and recommendations

This first effort to pilot improved methods indicates
that greater investment is needed to protect tanzanite
miners. Although we were able to demonstrate the
feasibility of sizeable exposure reductions with low-
cost methods, more can be done to further reduce RCS
levels as recommended below.

Nota et al.

Mean exposure from non-drilling activities remained
at more than 9-fold greater than the PEL implying that
there is an urgent need to continue to improve work
practices and drilling equipment to further reduce
these hazardous conditions for protection of health
of miners. As noted, mine owners should switch from
pneumatic drills to electric drills for further reduction
of RCS. It is also important that mine owners switch
to wet core drills that inject water and bring the wet
pulverized material out of the cut. Maintaining and re-
placing drill bits to keep them sharp will RCS exposures
among miners as normally dull drill bits are associated
with higher levels of RCS and noise. Another simple
measure to reduce exposures is to increase waiting
periods before reentering work areas after blasting
rock to allow the dust to settle. Improved ventilation
can also be used to move dust away from workers with
the exhaust air going outside the work area.

Finally, along with these improved work practices,
mine owners should assign appropriate respirators to
all miners based on the observed RCS exposures. Based
on our results for post-intervention underground
drilling, full-face air-purifying respirator would be the
minimum needed for this task unless additional re-
ductions are achieved with improved ventilation and/
or better drilling equipment. All miners assigned res-
pirators should participate in an annual medical sur-
veillance program, be fit tested, and attend training
sessions on how to use and maintain respirators. All
miners need training to become aware of the haz-
ards from RCS in mining and the methods to reduce
exposures.

We successfully piloted a program to work with
small-scale tanzanite miners to reduce RCS and
raise awareness of occupational health risks. Similar
programs should be taken to scale throughout under-
ground mining sites in Tanzania and other countries.
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