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Abstract: 1 

There is increasing research focused on rubber additives, predominantly originating from tire and road 2 

wear particles. Other consumer products including sports equipment also contain rubber additives and 3 

the overall human exposure to these compounds is of concern due to demonstrated toxicity to animal 4 

species. Rubber additives are intentionally incorporated into climbing shoes for specific performance. 5 

We found high concentrations of rubber additives in shoe sole samples, aerosol particulate matter, and 6 

settled dust in indoor climbing halls. The estimated daily intake via inhalation for climbers and 7 

employees of these facilities exceeds the intake of rubber additives from all other known sources.  8 

Abrasion powder resulting from friction of climbing shoes on the holds is responsible for the high 9 

concentrations of rubber additives observed in aerosol particulate matter and settled dust, while other 10 

emission sources could be excluded. We also show that atmospheric transformation of rubber 11 

additives occurs in indoor environments. These findings identify a previously unknown human 12 

exposure route to rubber additives and emphasize the global problem of the toxicity burden of plastic 13 

additives. 14 

 15 

Introduction: 16 

Air quality has an important impact on human health. Concentrations of particulate matter (PM) are 17 

linked to rates and outcomes of cancer1,2, respiratory and cardiovascular disease2,3, COVID194, and 18 

ultimately, life expectancy2,3,5,6, especially in densely populated areas7. Currently, more than half of 19 

the global population lives in cities, with a projected increase to 68% by 20508. In parallel with 20 

urbanization, the global population is spending less time outdoors9, with the US population estimated 21 

to spend 90% of their time indoors10. Indoor air quality is a critical and increasing determinant of 22 

human health and indoor air quality is relevant not only in the home and workplace, but also in places 23 

of recreation. Due to safety, accessibility, and/or practical constraints, outdoor recreation is unrealistic 24 

for many living in dense urban centers, so indoor recreational facilities serve as places to exercise, as 25 

well as socialize. One increasingly popular form of indoor recreation is climbing. In 2018, an 26 

estimated 1.5% of the UK population11, and about 4.4% of the US population12 visited indoor 27 
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climbing halls. Of these visitors, about 20% are regulars and spend several hours a day, multiple times 28 

a week in climbing halls11.  29 

Very high PM concentrations in indoor climbing gyms have been previously reported13. Chalk used by 30 

climbers was suggested as the primary source of PM, but other sources may also contribute. In 31 

climbing halls, specialized climbing shoes are worn, with soles made of highly functionalized rubber. 32 

The rubber is chemically engineered to be flexible and sticky. Soles are intentionally designed to 33 

slowly abrade during climbing, due to desired friction with climbing holds. This leads to a constant 34 

generation of rubber particles, which accumulate on the climbing footholds. Most climbers own 35 

brushes to clean these climbing holds, which results in a constant aerosolization of rubber particles, 36 

which may remain airborne long enough to be inhaled. Plastic additives in general have been 37 

identified to increase the global toxicity burden on humans and the environment with over 13,000 38 

substances across a wide range of sectors and product value chains14,15. In tires, which are also highly 39 

engineered and abrade during their intended use, rubber additive concentrations are very high16. Tire 40 

additives and their transformation products, such as 6PPD-quinone, have been found to be responsible 41 

for Coho salmon mass mortality17, as well as toxicity in rainbow trout, brook trout18, and white-42 

spotted char populations19. 6PPD-quinone is also  toxic to human lung cells20–22. Recent studies have 43 

detected rubber additives in human urine23,24 and blood25, with inhalation hypothesized to be a major 44 

source of exposure. Due to the highly specialized properties of climbing shoes, we hypothesized that 45 

these rubber particles contain high additive concentrations, and that climbing halls are a hot spot of 46 

human exposure. 47 

In this study, we explored climbing halls as an indoor source of exposure to rubber additives. We 48 

collected air particulate matter samples in climbing halls and measured the concentrations of rubber-49 

derived compounds therein. Based on these concentrations, we calculated the exposure for employees 50 

and recreational visitors to these rubber-derived compounds. We were able to implicate climbing 51 

shoes as the source of these rubber-derived compounds.  52 

  53 
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 54 

Results & Discussion: 55 

 

Figure 1: Schematic of a climbing hall, with photos of the four types of samples analyzed in our study. 

Specialized climbing shoes are worn with highly functionalized rubber soles (1 – shoe soles). Friction between 

these shoe soles and the footholds generates rubber particles (2 – foothold powder). Those can be aerosolized 

and be inhaled directly upon generation, due to the brushing of holds, or by climbers falling onto mats and 

resuspending rubber particles which had settled (3 – aerosol particulate matter). Eventually, airborne particles 

also settle elsewhere as dust (4 – settled dust). 

 

 56 

High exposure to rubber-derived compounds in climbing halls for visitors and employees  57 

Our air sampling campaigns, carried out during peak activity hours, revealed very high particulate 58 

matter (PM) concentrations (Figure 1). Inhalable PM concentrations (PM > 6.4 µm) in climbing halls 59 

1 and 2 were 1,590 µg/m3 and 1,000 µg/m3, respectively, while respirable PM concentrations (PM < 60 

6.4 µm) were 1,040 µg/m3 and 900 µg/m3 (Table 1). Despite differences in sampling techniques, the 61 

measured respirable particle concentrations correspond well to PM10 concentrations previously 62 
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reported for indoor climbing halls (from 509 to 4,028 µg/m3)13. These values exceed WHO guidelines 63 

for indoor PM10 concentrations of 45 µg/m3 for 24 hours26, and exceed those of most indoor 64 

environments27 including indoor artificial turf halls28. In aerosol PM (APM) samples from both 65 

climbing halls, our chemical analyses performed for 15 rubber-derived compounds (RDCs) showed 66 

that nine RDCs were detected above the limit of quantitation (LOQ) (Table 1). Among these, five 67 

RDCs were identified as transformation products (TPs) of compounds commonly used in rubber 68 

products. Of these TPs, aniline, 2-hydroxybenzothiazole (2OH-BTZ), benzothiazole (BTZ), as well as 69 

two phenylenediamine-quinones (6PPDq and IPPDq) were among the compounds which dominated 70 

the chemical profile in the aerosol fraction of the climbing hall samples (Figure 2a). Cumulative RDC 71 

concentrations in inhalable APM were 17 and 27 ng/m3 in halls 1 and 2, respectively, while RDC 72 

concentrations in respirable APM were 6 and 8 ng/m3 in halls 1 and 2, respectively.  73 

 74 

It has been shown that concentrations of similar organic compounds in settled dust can be used as a 75 

proxy for their concentrations in airborne PM29, thus, we quantified RDCs in dust samples from three 76 

climbing halls (#2-4). We detected 12 out of 15 RDCs in at least one dust sample (Tables 1, S1), and 77 

the chemical profile was very similar to aerosol PM samples (Figure 2a). Overall, cumulative RDC 78 

concentrations in settled dust samples were high (16 to 43 µg/g, Table S1). The origin of the RDCs 79 

detected in aerosol PM and settled dust samples was at this point unknown, but the similarity in 80 

chemical profile of settled dust and aerosol PM samples from different halls in three different 81 

countries (France, Switzerland and Austria) suggests an important source of RDCs which is 82 

ubiquitously present in climbing halls.  83 

  84 
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Table 1: Concentrations of particles and rubber-derived compounds (RDCs) in aerosol PM from Halls 1 and 2 

and settled dust samples from Halls 2, 3 and 4. 

 
Respirable PM 

ng/m3 

Inhalable PM 

ng/m3 

Total aerosol PM 

ng/m3 

Settled dust 

(n = 5) mean 

(SD) ng/g 

 Hall 1 Hall 2 Hall 1 Hall 2 Hall 1 Hall 2 Halls 2-4 

Total 

particles 

(µg/m3) 

1040 900 1590 1000 2630 1900 - 

Aniline 1.06 1.31 2.68 2.80 3.75 4.12 1266 (1644) 

DPG 0.84 1.96 4.97 4.56 5.81 6.52 4092 (3057) 

2OH-

BTZ 
1.58 1.28 3.17 4.11 4.76 5.39 5123 (3393) 

IPPD 0.04 0.06 0.12 0.15 0.16 0.21 139 (126) 

BTZ 2.01 2.47 5.35 13.89 7.36 16.36 
12950 

(10020) 

2amino-

BTZ 
<LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 61.4 (55.3) 

2SH-

BTZ 
<LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 1222 (1201) 

HMMM 0.03 0.25 0.09 0.50 0.12 0.75 58.4 (17.0) 

CPPD <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 

6PPD <LOQ 0.10 0.15 0.31 0.15 0.41 101 (61.0) 

IPPDq 0.01 0.02 0.01 0.04 0.01 0.06 25.0 (24.0) 

DPPDq <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 

6PPDq 0.15 0.37 0.50 0.71 0.66 1.08 119 (113) 

CPPDq <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 

DPPD <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 0.30 (0.30) 
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Figure 2: Rubber-derived compound profile in different samples. (a): Rubber-derived compound profile in 

foothold powder (FP), settled dust (SD), inhalable PM (APMi) and respirable PM (APMr) samples. (b) Rubber-

derived compound profile of foothold powder samples before (t-0) and after ozonation experiments (oz). Ozone 

promotes profile shift which mirrors the shift seen in (a), indicating that the rubber-derived compounds in 

aerosol PM and settled dust samples can originate from climbing shoes. 

 

Several recent studies report concentrations of RDCs in dust from outdoor and indoor environments, 85 

mostly driven by the increasing research about tire particles. Concentrations of most RDCs in our 86 

settled dust samples were higher than those reported for most dust samples from other indoor 87 
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environments (Figure 3, Table S2). Benzothiazole concentrations were one or two orders of 88 

magnitudes higher in our samples than in house dust and even road dust 30–32. 6PPDq concentrations 89 

were also higher than in most house dust samples collected around the world33–36 and were similar to 90 

road dust samples37,38. Concentrations of DPG were also high (mean= 4994 ng/g) and exceeded most 91 

reported DPG concentrations in house dust39,40. 92 

 93 

Similar to dust, concentrations in the collected aerosol PM samples were very high compared to other 94 

atmospheric environments for most RDCs (Figure 3 and Table S3 for concentrations of all RDCs). 95 

PPDs and PPDqs concentrations in the respirable fraction were higher than those measured in Chinese 96 

megacities41,42 and similar to roadside sites and city centres in China during air pollution events43. 97 

Concentrations of DPG, BTZ, and 2OH-BTZ in aerosol PM samples were one or two orders of 98 

magnitude higher than in 18 megacities worldwide44 and BTZ and 2OH-BTZ were up to 10-fold 99 

above concentrations from industrial areas in Spain45. So far, studies reporting RDC concentrations in 100 

aerosol PM collected in indoor environments remain very scarce. Dye et al. (2006)28 investigated 101 

2OH-BTZ, 2-amino-BTZ, 2SH-BTZ and IPPD concentrations in PM collected in indoor artificial turf 102 

halls. They reported higher concentrations of 2-amino-BTZ, 2SH-BTZ and IPPD compared to our 103 

climbing hall samples, but lower concentrations of 2OH-BTZ. However, it should be noted that the 104 

reported values in the study by Dye et al. were not direct measurements but based on RDC 105 

concentrations in ground granulate and estimated concentrations of rubber in the airborne PM, so 106 

these data should be treated with caution. 107 
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Figure 3: Rubber-derived compound concentrations measured in climbing hall airborne particulate matter (left) 

and settled dust (right) compared to concentrations reported in the literature for various indoor (houses, vehicles, 

shopping malls, dormitories, parking lot, sport halls) and outdoor (roadsides, city centers, playgrounds, 

recycling plants, industrial sites) environments. Details about literature values provided in Table S2. 

 

Our data show that concentrations of RDCs found in the indoor air of climbing halls exceed those of 108 

most other environments that have been studied so far. Most climbers spend several hours in indoor 109 

climbing hall facilities and usually have a high respiration rate that could increase intake of RDCs. 110 

We explored the human exposure to RDCs in climbing halls by calculating the estimated daily intake 111 
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via inhalation (EDIinh) for two groups: regular adult climbers and employees working at the halls 112 

(Table 2). Mean EDIinh values estimated for the two sub-groups (adult climbers and employees) 113 

showed that employees would be subjected to a higher exposure than climbers due to their longer 114 

average exposure time, despite their lower inhalation rate (Tables 2, S4). EDIinh for benzothiazoles 115 

ranged from 6.7 to 30 ng/kg/day and exceeded EDIinh for ∑PPDs (0.2 to 0.8 ng/kg/day) which were 116 

similar to EDIinh for ∑PPDqs (0.4 to 1.6 ng/kg/day). The EDIinh derived for BTZs in this study was 117 

two orders of magnitude above those estimated for employees near industrial sites in Spain45. EDIinh 118 

for PPDs and PPDqs were up to 3.1 and 7.8-fold higher than EDIinh for near-roadside workers in 119 

Chinese megacities and two orders of magnitudes higher than the EDIinh for the adult population in 120 

Hong-Kong42. EDIinh for DPG ranged from 4.9 – 8.7 ng/kg/day exceeding EDI via household dust 121 

ingestion in 11 countries (0.0 – 0.9 ng/kg/day)39 (Table S5). 122 

 
Table 2: Mean estimated dose intake (ng/kg/day) by inhalation from two sub-groups (adult climbers and 

employees) derived from Hall 1 and 2 aerosol PM data for a selection of rubber derived compounds. 

EDI (ng/kg/day) Aniline BTZ 
2OH-

BTZ 
DPG HMMM 6PPD 6PPDq IPPD IPPDq 

EDIinh Hall 2_(employee) 
 

5.85 22.8 7.59 9.22 1.06 0.58 1.54 0.26 0.09 

EDIinh Hall 1_(employee) 3.71 7.25 4.81 5.36 0.12 0.20 0.64 0.13 0.01 

EDIinh Hall 2_(climber) 
 

3.24 12.7 4.21 5.12 0.59 0.32 0.85 0.14 0.05 

EDIinh Hall 1_(climber) 2.06 4.02 2.67 2.97 0.07 0.11 0.35 0.07 0.01 

 

The contribution of climbing halls to the total daily intake of RDCs is significant for individuals 123 

exercising or working in these facilities. By comparing the EDI obtained in this study with the 124 

available EDI from literature derived for other environments, we highlight that exposure from indoor 125 

climbing halls exceeds every other exposure source known to date, including from such contaminated 126 

environments as roadsides in megacities (Table S5).  127 

Background levels of rubber derived compounds and evaluation of potential sources 128 

We performed several tests to eliminate sample contamination as the source of high RDC levels in 129 

aerosol PM and settled dust samples. Collection blanks were prepared to assess contamination that 130 

could have originated during aerosol PM sampling, subsequent storage, and laboratory processing; 131 
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storage blanks were prepared to assess contamination originating from sample storage and laboratory 132 

processing; and laboratory blanks were prepared to isolate contamination originating during 133 

laboratory processing. Laboratory blanks, which assessed background levels in solvents, glassware 134 

and inadvertent contamination via laboratory aerosols, were mostly clean, except for low amounts of 135 

2SH-BTZ and 2OH-BTZ, which were detected in one out of four blanks (Section S1). Collection and 136 

storage blanks contained low levels of 2SH-BTZ, 2OH-BTZ, BTZ, DPG, and IPPD (Section S1). This 137 

is unsurprising, since collection and storage blanks were prepared in the climbing halls, where RDCs 138 

were present at high concentrations. RDC levels in these blanks were at least one order of magnitude 139 

lower what was measured in aerosol PM samples (Section S1, Table 1), which confirms that the 140 

majority of RDCs in our samples were not introduced via contamination. The total mass of RDCs 141 

measured in collection blanks (representing contamination accumulated during sample collection, 142 

storage, and laboratory processing) was subtracted from the mass of RDCs measured in aerosol PM 143 

samples. 144 

 145 

Levels of several RDCs in climbing hall aerosol PM and settled dust greatly exceed those reported in 146 

other environments (Figure 3). Thus, we expected that the high concentrations of these RDCs were 147 

specifically due to climbing activity. We collected reference samples in offices of climbing hall 1 148 

(same building), where climbing is not practiced for confirmation. In these reference samples, we 149 

detected 6PPD and IPPD (0.10 and 0.86 ng/m3, respectively) (Section S1), which is to be expected, 150 

since the concentrations of 6PPD and IPPD in our aerosol PM samples are in the range of those 151 

reported in other indoor28 and outdoor33,45–50 environments (Figure S1), implying that these RDCs are 152 

present at background levels, and not specifically derived from climbing activity. On the other hand, 153 

BTZ, 2OH-BTZ, 6PPDq, IPPDq, DPG, aniline and HMMM were not detected in the reference 154 

samples (Section S1), and their concentrations in our APM samples exceed previously reported values 155 

(Figure 3), indicating that these compounds have a climbing-specific source.  156 

 157 

To investigate potential climbing-related sources of RDCs, we first extracted samples of climbing 158 

holds and mats used in the climbing areas. IPPD was detected in one climbing hold (66.0 ng/g), and in 159 
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one of the mats measured (83.1 ng/g). IPPDq was detected in the same mat (5.8 ng/g). In contrast, 160 

dust samples contain 139 ng/g IPPD and 25 ng/g IPPDq which is higher than concentration in mats 161 

and holds. Climbing holds and mats are made from durable materials with very low abrasion, so they 162 

probably did not contribute substantially to the aerosol PM or settled dust present in climbing halls 163 

and no other RDCs were found in these items (Section S1). Therefore, we concluded that another 164 

climbing related source must be the main contributor to the high concentrations of RDCs measured in 165 

settled dust and aerosol PM samples.  166 

 167 

Engineered climbing shoes contain high quantities of rubber-derived compounds 168 

Sports products are highly engineered materials, and so are climbing shoes. Their soles are composed 169 

of rubber for an optimal friction on the climbing holds. Specific rubber formulas have been developed 170 

to produce shoes that offer various combinations of softness, flexibility, stiffness, and stickiness. 171 

These properties, as well as rubber durability, are typically optimized using additives. Thus, soles of 172 

climbing shoes could be responsible for the high RDC levels found in the air and dust samples from 173 

climbing halls.  174 

We screened 30 shoe sole (SS) samples from various brands for RDCs (Table S6). All 15 RDCs were 175 

found in at least one shoe sole sample. Concentrations were highly variable between shoe models with 176 

cumulative RDC concentrations ranging from 25 to 3,405 µg/g (mean: 711 µg/g) (Fig 4, Table S1). 177 

Benzothiazoles exhibited high concentrations with 2SH-BTZ being the main constituent (mean: 538 178 

µg/g) representing on average 67% of the total mass of RDCs detected (Fig S2). BTZ, 2OH-BTZ and 179 

2-amino-BTZ were detected in lower concentrations (mean: 58, 53 and 3 µg/g, respectively). These 180 

results suggest that, as in other rubber products, 2SH-BTZ is used as a vulcanization accelerator 181 

during the curing process. Other benzothiazoles are also present and are typically considered to be 182 

impurities or degradation products51,52. Unlike benzothiazoles, DPG and aniline were not detected in 183 

every shoe sole sample, with concentrations ranging from <LOQ to 814 µg/g and <LOQ to 225 µg/g, 184 

respectively. DPG is another vulcanization accelerator and may be used together with or instead of 185 
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2SH-BTZ (S18 and S19; Fig 4). p-Phenylenediamine compounds were detected in most shoe sole 186 

samples in variable concentrations, with 6PPD and IPPD as the compounds with the highest 187 

concentrations (mean: 1303 ng/g and 661 ng/g, respectively). This is not surprising, since of the 188 

numerous PPDs available, 6PPD and IPPD are the most commonly used rubber antiozonants53. CPPD 189 

and DPPD were only detected sporadically and at trace levels (Table S1). The respective quinone 190 

transformation products, 6PPDq and IPPDq, were consistently detected (mean: 23 ng/g and 15 ng/g, 191 

respectively) and as expected, their concentration in the samples were correlated to the concentration 192 

of the parent compounds. CPPDq and DPPDq were also occasionally detected along with their parent 193 

compounds, but at very low concentrations (Table S1). Overall, RDC concentrations in shoe sole 194 

samples were highly variable and likely due to different compounding strategies used by 195 

manufacturers as well as the target product characteristics (i.e., stiffness, durability, performance, 196 

adhesiveness). RDC concentrations in shoe sole samples were generally lower (DPG and PPDs) or 197 

similar (benzothiazoles) to those in tire tread51,52 but higher than in other elastomeric consumer 198 

products52.  199 

 200 

 201 
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Figure 4: RDC concentrations in 30 climbing shoe soles (left), and foothold powder from three climbing halls 

(right).  Concentrations of RDCs vary substantially between different shoe models. Foothold powder samples 

are representative of the variety of different shoe models. Information about shoe model can be found in Table 

S6. 

We also collected powder samples from the top of several climbing footholds (Figures 1 and 5) 202 

which, based on visual inspection, were comprised primarily of abraded climbing shoe soles (in 203 

contrast to settled dust samples, which was more heterogenous in composition). As these foothold 204 

powder (FP) samples were collected in public climbing halls, where visitors wear a variety of 205 

different climbing shoe models, these samples should represent the diversity of shoe soles prevalent in 206 

climbing hall environments. Indeed, the foothold powder samples were highly representative of the 207 

variability found among individual shoe samples, both in terms of RDC concentrations and profile 208 

(Figures 4, S2). The abrasion of shoe soles generates fine elongated rubber particles (Figure 5) which 209 
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can become airborne over time, since it is common practice for climbers to brush particles off holds. It 210 

has been previously shown that abrasion of particles and fibers containing additives drives the 211 

chemical composition of indoor dust54, and it is highly likely that the fine rubber particles emitted via 212 

abrasion were captured by our air sampler. With SEM imaging, we confirmed that elongated particles, 213 

visually very similar to those in shoe powder, were present in settled dust samples, including in the 214 

respirable size fraction (Figure 5). Although some RDCs were indeed found in all four sample types, 215 

i.e., shoe soles, foothold powder samples, settled dust and aerosol PM, the chemical profile did not 216 

fully match across the four sample types (Figure 2). We thus decided to explore the possibility that 217 

chemical transformations of some RDCs in airborne particles could link the chemical profiles of 218 

RDCs in climbing shoes to those in aerosol PM and settled dust samples. 219 
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Figure 5: Representative scanning electron microscopy images of (A) chalk (calcium carbonate powder), (B) a 

foothold powder sample and (C) a settled dust sample collected in climbing halls. Rubber particles resulting 

from the abrasion of shoe soles are visible in the foothold powder and settled dust samples (B,C). Rubber 

particles are distinguishable from chalk particles (A) due to their elongated shape and surface physical 

characteristics with a smooth carbon-based surface compared to chalk. Surface roughness appears to increase 

between recently generated rubber particles identified in the foothold powder samples (B) and particles found in 

settled dust (C). 

 

A) 

B) 

C) 
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Transformations in indoor air implicate climbing shoes as the source of rubber-derived 220 

compounds  221 

While shoe sole and foothold powder samples were likely comprised mostly of rubber, the aerosol 222 

PM and settled dust samples were more heterogeneous, so concentrations of RDCs cannot be directly 223 

compared across the sample types. Therefore, we normalized all individual RDC concentrations to 224 

∑RDCs. All settled dust and aerosol PM samples had remarkably similar RDC profiles, which 225 

differed distinctly from shoe sole and foothold powder samples (Figure 2a). Strikingly, the mean 226 

fraction of 2SH-BTZ dropped from 69.9% in the foothold powder samples to 2.6% in the settled dust 227 

and aerosol PM samples. At the same time, the fractions of BTZ and 2OH-BTZ increased from 8.7% 228 

to 41.8% and 5.1% to 19.9%, respectively. A similar pattern emerged for the PPDs. The fraction of 229 

6PPD dropped from 2.8% in the foothold powder samples to 0.8% in the settled dust and aerosol PM 230 

samples, while the fraction of 6PPDq increased from 0.0% in the foothold powder samples to 2.1% in 231 

the settled dust and aerosol PM samples. Likewise, the fraction of IPPD dropped from 1.3% to 0.5%, 232 

while IPPDq increased from 0.0% to 0.1% (Figures 2a, S3).  233 

All observed shifts (2SH-BTZ → 2OH-BTZ + BTZ; 6PPD → 6PPDq; IPPD → IPPD-q) are likely the 234 

result of transformation reactions on particle surfaces. The rubber particles collected in our aerosol 235 

PM samples must by virtue of the collection technique, exhibit small aerodynamic diameters with a 236 

correspondingly larger surface area, since larger rubber particles likely do not remain airborne long 237 

enough to be inhaled (or captured by our sampling device). Rubber particles present in the collected 238 

settled dust samples were also postulated to be enriched in smaller sized particulates after aerosol 239 

transport. Such small particles have a high specific surface area, which allows for rapid reactions with 240 

reactive species in the surrounding gas phase. Ozone, as well as secondary species, such as the 241 

hydroxyl radical and NOX drive chemical reactions on particle surfaces in indoor air55. In contrast, it 242 

was hypothesized that the foothold powder samples exhibited a lower specific surface area due to the 243 

larger particle sizes and was too freshly generated to have undergone extensive transformation 244 

reactions prior to collection. 245 
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To test whether ozone and associated secondary species could catalyze the observed transformations, 246 

we conducted ozonation experiments on foothold powder samples, using an ozone exposure 247 

chamber56. This method exposes particles to elevated ozone concentrations (and associated secondary 248 

species), without altering other parameters like temperature or light. Thus, transformations should 249 

proceed via the mechanisms which we expect are most relevant in climbing halls. After four hours of 250 

exposure to elevated ozone (1 g/m3), the chemical profile of the foothold powder samples shifted 251 

substantially and corresponded to the chemical profile of the aerosol PM and settled dust samples 252 

(Figure 2b, S4, Table S7). 253 

Transformation of 2SH-BTZ is well studied in the aquatic environment57, where 2OH-BTZ and BTZ 254 

are frequently reported as transformation products, including when transformation is catalyzed by 255 

ozone58,59. In our ozonation experiments, the mean concentration of 2SH-BTZ decreased from 78 µg/g 256 

to 23 µg/g, while the mean concentrations of 2OH-BTZ and BTZ increased from 15 µg/g to 17 µg/g, 257 

and 13 µg/g to 39 µg/g respectively. Likewise, it is well documented that PPDs react with ozone to 258 

form PPD-quinones17,60,61, and the 6PPDq/6PPD ratio in crumb rubber has been related to the extent 259 

of environmental weathering52. In our ozonation experiments, the mean 6PPDq/PPD ratio increased 260 

from 0.04 to 0.12, and the mean IPPDq/IPPD ratio from 0.02 to 0.04. Based on the transformations 261 

reported in the literature, and the results of our ozonation experiments, we conclude that the observed 262 

shift of RDC profile in our samples results from atmospheric transformations of the RDCs after 263 

generation of the rubber particles on the climbing holds. This conclusion is further supported by the 264 

fact that we did not find any significant alternative sources of the RDCs to aerosol PM or settled dust 265 

in climbing halls. 266 

Implications 267 

In indoor climbing halls, concentrations of several RDCs significantly exceed previously reported 268 

values. Total daily intake of RDCs for individuals visiting or working in these facilities exceeds 269 

exposure via all other known routes. The inhalable fraction of PM usually deposits in the nose and 270 

upper airways, and is subsequently swallowed62. Respirable particles have a higher probability of 271 
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deposition within deeper regions of the lung63. Thus, exposure to RDCs in climbing halls will be via 272 

both the gastrointestinal and respiratory systems. Future research needs to address the leaching 273 

kinetics and bioavailability of RDCs within the human body, including in epithelial lung fluid, and 274 

gastrointestinal fluids, as well as the toxicological risk that RDCs pose. So far, there is concerning 275 

existing literature on toxicity of several RDCs; in particular PM-bound PPDs and PPDqs may 276 

contribute to the oxidative potential of PM, as recently demonstrated for outdoor environments64. 277 

Oxidative potential of PM induces oxidative stress and inflammation in the respiratory and 278 

cardiovascular systems65,66. Indeed, organic tire extracts and tire wear particles have been shown to 279 

induce DNA damage, inflammation, and cell death in human lung cells20–22. 280 

We have shown that from the time of particle generation to the time of entrance into a target organism 281 

or environment, the RDC profile can shift substantially, including towards more toxic species, e.g., 282 

6PPD to 6PPDq. Previous work has relied on concentrations of RDCs in unweathered material to 283 

estimate exposure28 or even toxicity67,68, but this approach should be treated with caution. In fact, a 284 

recent review has called for a need to understand atmospheric transformations of organic RDCs in tire 285 

wear particles69. Due to elevated ozone and NOX levels above the road surface, we expect that tire 286 

wear particles will initially undergo similar atmospheric transformation reactions to those we 287 

observed. Thus, our findings provide insights which can guide future research on the impact of 288 

atmospherically aged tire wear particles. 289 

With a global increasing urbanization, we expect to live, work, and recreate in safe indoor 290 

environments. Particularly in indoor sports facilities, where respiration increases, air quality standards 291 

need to be high and safe. Rubber formulations containing potentially toxic RDCs should not be used 292 

in climbing shoes, or other consumer products where elevated human exposure is likely to occur. 293 

Spurred mostly by the ongoing research about tire wear particles, the tire industry is under pressure to 294 

find alternatives for some additives, such as 6PPD. Upcoming research and legislation must not 295 

overlook consumer products, such as climbing shoes, which contain a high additive content, and 296 

dominate the human exposure for a subset of the population. A recent study screening RDCs in a 297 

multitude of rubber consumer products found that most products had RDC concentrations much lower 298 
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than those in climbing shoes52. This contrast shows that although rubber is widely used, only highly 299 

engineered consumer products, such as climbing shoes and tires, contain a high additive content. This 300 

knowledge can focus future work to identify “hotspots” of RDC exposure, but also sustains the global 301 

problem of the toxicity burden of plastic additives. Until rubber becomes safer, potential strategies to 302 

minimize exposure in climbing halls should also be considered, such as more frequent cleaning, 303 

mobile and stationary HEPA air filters, or banning of certain shoe models.  304 

Materials and methods  305 

Sample collection and characterization 306 

Four types of samples were collected: aerosol PM, settled dust, shoe soles, and foothold powder 307 

samples (Figure 1).  308 

 309 

Particulate matter in the aerosol fraction was sampled with a standardized glass liquid impinger 310 

(Copley Scientific Ltd), which is an active sampling device which divides airborne PM into inhalable 311 

(> 6.4 µm aerodynamic diameter) and respirable (< 6.4 µm aerodynamic diameter) fractions. 312 

Composite aerosol PM samples were collected in Hall 1 and Hall 2 on five consecutive days in April 313 

2023 during peak activity (17:00-20:00). The glass liquid impinger was operated as described in the 314 

European Pharmacopoeia (Ph. Eur.). Before the device was assembled, 7 mL of MilliQ-water was 315 

introduced into the upper chamber and 475 g (=130 mL) of ceramic beads (9730, ZY-P, 2.6-3.3 mm, 316 

SiLibeads, Sigmund Lindner GmbH, Warmensteinach, Germany) and 25 mL of MilliQ-water were 317 

introduced into the lower chamber. The air inlet was set at a height of 142 cm, facing the climbing 318 

wall at approximately 3 m distance. The air flow rate was 60 ± 2 L/min, for a total volume of 54 m³ 319 

air per sample in each climbing hall. Temperature, humidity, and liquid levels of the upper and lower 320 

chambers were monitored every 15 minutes, and liquids were replenished as needed. At the end of 321 

each day of composite sampling, every part of the device was rinsed three times with 6 mL MilliQ-322 

water, and three times with 6 mL ethanol and collected. MilliQ water and ethanol rinses were stored 323 

separately at -20°C in amber glass vials until analysis. Samples from the mouth / throat piece and the 324 

upper chamber were combined to represent the inhalable fraction of PM; samples from the lower 325 
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chamber were collected separately to represent the respirable PM fraction. Further details about 326 

aerosol sampling are provided in Section S2. 327 

 328 

Settled dust samples were collected from uncleaned floor and wood surfaces 5 to 10 m from the 329 

climbing walls (where rubber particles in dust would most likely have been aerially transported, rather 330 

than falling directly from the climbing walls). Settled dust samples were collected from Hall 1 (n=1), 331 

Hall 3 (n=3) and Hall 4 (n=1) between March and April 2023 (Table S8). All samples (1 – 5g) were 332 

collected using a clean metallic spatula and stored in cleaned amber glass vials at -20°C until further 333 

processing. 334 

 335 

Thirty shoe sole samples were collected from both used and new climbing shoes to represent the 336 

marketplace (Table S6). Shoe sole samples were cut out from the tip of the sole, i.e., the area most 337 

susceptible area to abrasion on the climbing holds during use. Samples were cut into 1 mm2 pieces 338 

and ground into fine powder using cryo-ball milling (MM400, Retsch®) for 2 min at 25 Hz. After 339 

grinding, 50 mg powder was immediately suspended in 1 mL dichloromethane to prevent re-340 

agglomeration. 341 

 342 

Samples (1 – 5g) of material accumulated in the clefts of climbing footholds (foothold powder 343 

samples) were collected in Hall 1 (n=3), Hall 2 (n=1), and Hall 3 (n=3) between March and October 344 

2023 (Figure 1, Table S8).  345 

Sub-samples of pure solid chalk, foothold powder samples and settled dust samples were coated with 346 

a gold nanolayer (10 nm) and visually characterized with a scanning electron microscope (Gemini 347 

SEM 300, Zeiss) at various magnification levels. 348 

 349 

Sample extraction and measurement 350 

Liquid was removed from the aerosol PM samples via rotary evaporation (ethanol) or lyophilization 351 

(MilliQ-water). The residual particle mass was determined gravimetrically using a high precision 352 
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balance and samples were then resuspended in ethanol. All samples were then extracted with 353 

accelerated solvent extraction (details Section S4). The following RDCs were analysed in all samples 354 

with UPLC-MS/MS: benzothiazole (BTZ), 2-hydroxybenzothiazole (20H-BTZ), 2-355 

aminobenzothiazole (2-amino-BTZ), 2-mercaptobenzothiazole (2SH-BTZ), aniline, 1,3-356 

diphenylguanidine (DPG), hexa(methoxymethyl)melamine (HMMM), and the phenylenediamine 357 

compounds: 6PPD, IPPD, CPPD, DPPD and their associated quinones: 6PPDq, IPPDq, CPPDq, 358 

DPPDq. Details are provided in the SI regarding the chemicals and internal standards used (Section 359 

S3), UPLC-MS/MS methods (Section S5) and extraction recovery (Table S9) for analyses of all 360 

samples. 361 

QA/QC 362 

We investigated contamination that may have arisen during collection, storage, or laboratory 363 

processing of samples. Collection blanks were collected before each composite sampling event. The 364 

glass liquid impinger was assembled in the climbing hall (without air flow), then immediately rinsed 365 

with exactly the same protocol as the samples. Storage blanks were also prepared in the climbing hall 366 

by filling amber glass storage vials with MilliQ-water or ethanol, and then opening and closing the 367 

vials five times, to simulate the collection of samples. Collection and storage blanks were stored and 368 

extracted in the same manner as aerosol PM samples. Laboratory blanks were prepared in the same 369 

manner as samples, beginning with accelerated solvent extraction. 370 

 371 

To investigate background levels of RDCs (not arising from climbing activity), we collected reference 372 

samples in an office of climbing hall 2, which was in the same building, but not connected to the 373 

climbing area. Sampling procedure and duration were the same. Finally, to account for other potential 374 

sources of RDCs in climbing areas, we obtained samples of climbing holds, as well as two types of 375 

climbing mats from climbing hall 2. These control samples were extracted with the same procedure as 376 

the shoe sole samples.  377 

 378 

Exposure Calculations  379 
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To determine the human exposure to RDCs in climbing halls, estimated daily intake via inhalation 380 

values were calculated based on total aerosol PM (inhalable plus respirable fraction) using equation 381 

(2) for two types of individuals: regular adult climbers and employees working at the halls: 382 

 383 

𝐸𝐷𝐼𝑖𝑛ℎ =
𝐶𝑎𝑖𝑟 𝐼𝑅 𝐸𝑇 𝐸𝐹

𝐵𝑊 𝐶𝑓
  (2) 384 

 385 

whereby 𝐸𝐷𝐼𝑖𝑛ℎ is the estimated daily intake via inhalation (ng/kg/day), 𝐶𝑎𝑖𝑟 the concentration of 386 

RDCs in the aerosol (ng/m3), 𝐼𝑅 the inhalation rate (m3/hour), 𝐸𝑇 the exposure time (hours/day), 𝐸𝐹 387 

the exposure frequency (days/year), 𝐵𝑊 the body weight (kg) and 𝐶𝑓 the number of days per year. 388 

Details regarding exposure parameters obtained from the US EPA exposure factor handbook70 are 389 

available in Table S4. 390 

 391 

Transformation Experiments 392 

Ozonation experiments were performed to investigate whether the compound profile shift from 393 

foothold powder to aerosol PM and settled dust could be explained by transformations of the 394 

compounds in foothold powder. Foothold powder was collected from climbing hall 1 immediately 395 

before experiment start and divided into six sub-samples. An ozone chamber56 was employed to 396 

expose three sub-samples to elevated ozone concentrations (1g/m3) at room temperature for 4 hours. 397 

NOX concentration was also measured to be 9 ppm during the experiment. After ozonation, all sub 398 

samples were spiked with internal standards, and extracted and measured as described above.  399 

 400 

Data Availability 401 

All analytical data that support the findings of this study are available in the corresponding Supporting 402 

Information. 403 

 404 
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 601 
 602 
Figure legends 603 
 604 
Figure 1: Schematic of a climbing hall, with photos of the four types of samples analyzed in our 605 

study. Specialized climbing shoes are worn with highly functionalized rubber soles (1 – shoe soles). 606 

Friction between these shoe soles and the footholds generates rubber particles (2 – foothold powder). 607 

Those can be aerosolized and be inhaled directly upon generation, due to the brushing of holds, or by 608 

climbers falling onto mats and resuspending rubber particles which had settled (3 – aerosol particulate 609 

matter). Eventually, airborne particles also settle elsewhere as dust (4 – settled dust). 610 

 611 

Figure 2: Rubber-derived compound profile in different samples. (a): Rubber-derived compound 612 

profile in foothold powder (FP), settled dust (SD), inhalable PM (APMi) and respirable PM (APMr) 613 

samples. (b) Rubber-derived compound profile of foothold powder samples before (t-0) and after 614 

ozonation experiments (oz). Ozone promotes profile shift which mirrors the shift seen in (a), 615 

indicating that the rubber-derived compounds in aerosol PM and settled dust samples can originate 616 

from climbing shoes. 617 

 618 

Figure 3: Rubber-derived compound concentrations measured in climbing hall airborne particulate 619 

matter (left) and settled dust (right) compared to concentrations reported in the literature for various 620 

indoor (houses, vehicles, shopping malls, dormitories, parking lot, sport halls) and outdoor (roadsides, 621 
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city centers, playgrounds, recycling plants, industrial sites) environments. Details about literature 622 

values provided in Table S2. 623 

 624 

Figure 4: RDC concentrations in 30 climbing shoe soles (left), and foothold powder from three 625 

climbing halls (right).  Concentrations of RDCs vary substantially between different shoe models. 626 

Foothold powder samples are representative of the variety of different shoe models. Information about 627 

shoe model can be found in Table S6. 628 

 629 

Figure 5: Representative scanning electron microscopy images of (A) chalk (calcium carbonate 630 

powder), (B) a foothold powder sample and (C) a settled dust sample collected in climbing halls. 631 

Rubber particles resulting from the abrasion of shoe soles are visible in the foothold powder and 632 

settled dust samples (B,C). Rubber particles are distinguishable from chalk particles (A) due to their 633 

elongated shape and surface physical characteristics with a smooth carbon-based surface compared to 634 

chalk. Surface roughness appears to increase between recently generated rubber particles identified in 635 

the foothold powder samples (B) and particles found in settled dust (C). 636 

 637 
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