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1.  INTRODUCTION 

Ambient particulate matter (PM) present in the subway environment can originate from different 

sources and processes, producing a complex mixture of inhalable aerosols that is driven through 

the underground network on air currents induced by train movement and ventilation systems. 

Much of this "subway PM" is generated by mechanical wear and friction processes at the rail-

wheel-brake and catenary-pantograph interfaces. However other sources can be important, such 

as the dust contribution arising from night tunnel maintenance work, and by the infiltration 

below ground of outdoor traffic-contaminated city air.  

An important objective of the measurement campaigns designed under the IMPROVE LIFE 

sampling program has been to focus on the different contributors to the mixed airborne 

materials present underground. Not only has the project investigated how PM concentrations on 

ǇƭŀǘŦƻǊƳǎ ŀƴŘ ƛƴ ǘǊŀƛƴǎ ŀǊŜ ƛƴŦƭǳŜƴŎŜŘ ōȅ ǘǊŀƛƴ άǇƛǎǘƻƴ ŜŦŦŜŎǘǎέΣ ŦƻǊŎŜŘ ǾŜƴǘƛƭŀǘƛƻƴ ǎȅǎǘŜƳǎΣ ŀƴŘ 

ǘǊŀƴǎƛŜƴǘ άǇƻƭƭǳǘƛƻƴ ŜǾŜƴǘǎέ ƛƴŘǳŎŜŘ ōȅ Ƴŀƛƴǘenance work, but it has accumulated a huge 

database of over 500 chemical analyses of ambient PM and source materials (such as brakes). 

Such information offers an opportunity for an improved understanding of the various origins of 

the continuously resuspended PM circulating underground, and facilitates the next logical step in 

this subway air quality study, namely the development of realistic PM mitigation strategies in 

underground train systems that will result in cleaner air being breathed by commuters. In this 

report, therefore, we focus on what the results from the IMPROVE LIFE sampling campaigns can 

teach us about the various PM contributors to particulates breathed underground, and how this 

information can help preparing the ground for the development of protocols aimed at PM 

mitigation and subway air quality improvement. 
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2. METHODOLOGY 

2.1. Sampling campaigns schedule 

Sampling campaigns were carried out at different metro stations belonging to four subway lines 

between January 2015 and November 2016 (Figure 1). These campaigns were designed to 

specifically investigate the various influences on PM concentrations and compositions of night-

work tunnel maintenance activities, different ventilation protocols, the use of different train 

brake pad compositions, and the effect of air purifiers still in experimental development. 

Stations selected for study of the effect of tunnel night work on platform air quality 

1. Sagrera (L5), a station with two tunnels, each with one rail track and separated by a 

middle platform. Air quality measurements were conducted from 20th January to 1st April 

2015.  

2. Santa Coloma (L1), a station with a wide tunnel with two rail tracks. Air quality 

measurements were conducted from 1st October to 3rd November 2015.  

3. Joanic (L4), a station characterized by one wide tunnel with two rail tracks separated by a 

middle wall. Air quality measurements were conducted from 3rd November to 22nd December 

2015.  

4. Palau Reial and Maria Cristina (L3), stations characterized by one wide tunnel with two 

rail tracks separated by a middle wall. Measurements were performed from 1st April to 14th 

May and from 14th May to 10th June, respectively.  

5. Poble Sec (L3), with the same design as Maria Cristina and Palau Reial (Table 1), was 

chosen for a sampling campaign from 14th September to 11th October 2016. 

Stations selected for study of experimentation with ventilation protocols 

6. Tarragona station (L3), a station with a wide tunnel with two rail tracks. Two campaigns 

were carried out at this station, the first one took place from 10th June to 1st July 2015 

(warmer period), and the second one from 29th February to 10th April 2016 (colder period). In 

both cases the period included one week under an air circulation flow reversed from that of 

the normal one. 

7. Collblanc station (L9S) from 11th May to 11th July 2016. This platform belongs to the 

newest automatic metro line of the city (L9S), opened in February 2016 to connect the city 

centre with the airport. This deep station has one rail track only and the platform is fitted with 

screen doors. Ventilation in the new deep stations is stronger than in the older conventional 

lines. Measurements were carried out in the platform with and without tunnel ventilation on. 

8. Tarragona, Maria Cristina and Palau Reial stations (L3) were also selected for testing the 

effect of air purifiers manufactured by two different companies (A and B). One campaign was 

carried out in Tarragona in February-May 2016, and another in Maria Cristina y Palau Reial 
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from 11th October to 10th November 2016. Each purifier was tested during a one-week period, 

always preceded and followed by one week under standard conditions.  

Measurements inside trains 

9. To measure the effect on PM2.5 concentrations of using train air conditioning filters 

beyond their normal replacement date a DustTrak monitor was installed inside an 

intermediate driver cabin in two trains of line 3 (L3). Measurements in the train 

started when all air conditioner filters were replaced. Filters were changed again after 

one month (following the established TMB protocol) but then were left in place in 

order to evaluate any effects on air quality by doubling the service life of filters from 

one to two months.  

Brake emissions 

10. Sant Ildefons station (L5), with same design as Tarragona station, was sampled from 

3rd to 29th February 2016. One important characteristic of L5 is that all trains used the 

same type of brake shoes, with a known chemical composition, providing an 

opportunity to identify and quantify the contribution of this source to PM levels in the 

platforms. 

 

A map showing the location of each of the stations mentioned above is provided by Figure 1, 

and further information on the construction year, depth and station design of the metro stations 

where measurements have been carried out is summarised in Table 1. 

 

 

Figure 1. Map of the Barcelona city metro system showing those stations selected for the IMPROVE 

project sampling campaigns. The outdoor urban reference station location at Palau Reial is also shown. 

Sagrera

StIldefons

StColoma

Joanic

Collblanc

P. Reial M. Cristina

Tarragona

PobleSec
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Table 1. Main information on the metro stations where sampling campaigns have been carried out in the 

framework of the IMPROVE project. 

 
Sagrera Palau Reial 

Maria 
Cristina 

Tarragona 
Santa 

Coloma 
Joanic 

Sant 
Ildefons 

Collblanc 
Poble 
Sec 

Metro line L5 L3 L3 L3 L1 L4 L5 L9 L3 

Opening 1959 1975 1975 1975 1983 1973 1976 2016 1975 

Depth 10.5 14.2 13.7 14 12.3 7.6 14 60 14 

Station 
design  

 

 

 

 
 

 

 
 

 

2.2. Sampling campaigns protocol 

The sampling protocol was the same for all the stations included in the study. Sampling devices 

were located at the end of the platform corresponding to the train entry point, behind a light 

fence for safety protection (Figure 2), except for Poble Sec where the equipment was placed in 

the centre of the platform to minimise disturbing passengers as the station has two access points 

at each end of the platform. The aerosol inlets were placed at around 1.5 m above the ground 

level. A high volume sampler (HVS, Model CAV-A/MSb, MCV) with a PM2.5 head was used to 

collect PM2.5 samples for subsequent gravimetric and chemical analysis. Additional 

instrumentation included a light-scattering laser photometer (DustTrak, Model 8533, TSI) for 

PM1, PM2.5 and PM10 (particulate matter with aerodynamic diameter less than 1 µm, 2.5 µm and 

10 µm, respectively) mass concentrations, and an indoor air quality meter (IAQ-Calc, Model 7545, 

TSI) for CO, CO2, T and RH values. 

 

 

Figure 2. Examples of the air quality instrumentation used on the platforms of the subway stations. 
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The high volume sampler is equipped with quartz microfiber filters and was programmed to 

sample PM2.5 over 19 h (from 5 a.m. to 12 p.m., subway operating hours) at a sampling flow rate 

of 30 m3 h-1. Field blanks were also collected. 

PM2.5 concentrations were determined gravimetrically using a microbalance (Model XP105DR, 

Mettler Toledo) with a sensitivity of ±10 µg. The sampled filters are pre-equilibrated before 

weighing for at least 48 h in a conditioned room (20°C and 50% relative humidity). PM2.5 

concentrations are determined based on the difference of weight before and after sampling and 

the sampled air volume. 

 

2.3. Railtrack renewal activities 

The object of this study was to investigate the impact on daytime platform air quality of major 

night works involving removal and replacement of the rail track. Such renewal and maintenance 

works within tunnels are carried out from 1:00 to 4:00 h CET and from Sunday midnight to early 

Friday morning. Our sampling campaign, conducted in Sagrera station, allowed us to observe 

both the immediate transient effect of the works in real time during the night, as well as detect 

whether or not there was any lingering after-effect on platform PM mass, number and chemistry 

during the following day.  

Works carried out in the tunnels on either side of this station aimed to mitigate tunnel track 

vibrations by wholesale removal of the railway tracks. This included the replacement of sleepers, 

rails, and ballast from the selected station in both directions towards the adjacent stations of 

/ƻƴƎǊŞǎ ŀƴŘ /ŀƳǇ ŘŜ ƭΩ!ǊǇŀΦ ¢ƘŜ ǿƻǊƪ ǇǊƻƎǊŀƳƳŜ ƛƴǾƻƭǾŜŘ ǘǿƻ Ƴŀƛƴ ǇƘŀǎŜǎ ŦƻǊ ŜŀŎƘ ƻŦ ǘƘŜ ǘǿƻ 

tunnel sections: Phase 1 involved the disassembly and removal of the old rail track, preparation 

of the track and new ballast ready for the new rail, and the installation of temporary rails (12 m 

sets of pre-assembled rails+sleepers). Phase 2 involved the laying of the new rail track, ballast 

tamping and final welding. 

The initial movement of materials into position took place after midnight on the early morning 

of February 13th and Phase 1 work started on the Sagrera-Congrés tunnel section after midnight 

in the early morning of Monday 14 (WEEK 1), continuing throughout the following WEEK 2 and 

finishing on Friday 27th March.  

During the following two working WEEKS 3 and 4 (Monday-Friday March 2-6th and 9-13th) a 

similar Phase 1 rail removal/preparation work programme was repeated in the Sagrera-Camp de 

ƭΩ!ǊǇŀ ǘǳƴƴŜƭ ǎŜŎǘƛƻƴΦ hƴ aƻƴŘŀȅ мсth March, at the beginning of WEEK 5, Phase 2 work began 

new rail installation (including final welding) in the previously prepared Congrés-Sagrera tunnel 

section, and this continued until Tuesday 24 March of WEEK 6 when Phase 2 new rail work 

switched to the Sagrera-/ŀƳǇ ŘŜ ƭΩ!ǊǇŀ ǘǳƴƴŜƭ ǎŜŎǘƛƻƴΣ ǘƘƛǎ Ŧƛƴŀƭ ǇƘŀǎŜ ƻŦ the work continuing up 

to the end of the sampling campaign on the 1st April. 

In the case of Santa Coloma station the work performed involved replacing rails, track 

preparation including the application of new ballast followed by welding and final track finishing. 

At Joanic station there was more emphasis on catenary maintenance rather than ballast work, 
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and a longer sampling campaign that originally planned was performed due to several 

modifications in the works calendar by the rail operators (Table 2). 

 

Table 2. Schedule of the days with renewal works (in black) carried out at the stations of Santa Coloma 

(a) and Joanic (b) during the air quality measurements period. 

a) October 2015 Nov.  

 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 1 2 3 

Railtrack preparation 
                                  

New rail installation 
                                  

Welding                                   
Railtrack finishing                                   

 
b) November 2015 December 2015 

 

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 

Catenary 
maintenance 

                                                                                                    
Railtrack preparation                                                                                                     
New rail installation                                                                                                     
Welding                                                                                                     

 

The addition of ballast to the tunnel of Palau Reial was performed from 1:00 to 4:00 h CET 

during four nights (24th, 27th, 29th of April and 5th of May). A ballast tamper was used on 30th of 

April to pack the ballast. The renewal of the ballast bed is an important and frequent 

maintenance activity in the subway tunnels, because the ballast acts as a support base for the 

railroad ties and rails and allows for proper drainage of water away from the rails (Table 3). New 

ballast, previously coated with anti-resuspension polymer, was laid on the tunnel of Maria 

Cristina during three nights (25th, 27th and 28th of May), a ballast tamper not being used in this 

case (Table 3). During the night of 22nd of May, a serious breakdown of the vehicle carrying the 

ballast to Maria Cristina, forced the operators to release a large amount of ballast in a section of 

tunnel adjacent to the station. Although this exceptional event was not part of the original 

sampling plan, it fortuitously provided the opportunity to observe the effect on air quality of 

emergency dumping of large amounts of rock ballast, albeit at some distance from the measuring 

equipment.  

 
Table 3. Information on the activities carried out at the tunnels of Palau Reial and Maria Cristina stations 
(L3), indicating the type of activity, the maximum and minimum distance between the activity and the 
air quality instrumentation where measurements and activities were carried out. 

 

 Date Activity 
Maximum 

distance (m) 
Minimum 

Distance (m) 
Tunnel* 

Ballast + water 

24/04/2015 Ballast addition 520 40 ZU-PR 

27/04/2015 Ballast addition 520 40 ZU-PR 

29/04/2015 Ballast addition 520 40 ZU-PR 

30/04/2015 Track tamping 520 40 ZU-PR 

05/05/2015 Ballast addition 520 40 ZU-PR 

Ballast + water + 
dust suppressant 

25/05/2015 Ballast addition 660 220 PR-MC 

27/05/2015 Ballast addition 660 220 PR-MC 

28/05/2015 Ballast addition 660 220 PR-MC 

*ZU: Zona Univeristaria; PR: Palau Reial; MC: Maria Cristina 
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The addition of normal ballast to one side of the tunnel of Poble Sec was performed during 

the nights of 20th and 21st September, followed by tamping of the track ballast during the nights 

of 22nd and 27th of September 2016. Coated ballast with dust suppressant was added to the 

opposite side of the tunnel on 3rd and 4th October, followed also by track ballast tamping on 6th 

October 2016. As the activities were occurring in the other tunnel of the station, in order to keep 

looking at the influence of particles brought by the trains into the station and considering that 

Poble Sec has a middle wall in the station separating both railtracks, the location of the 

monitoring equipment was moved to the opposite platform, to a point exactly in front of the 

previous one (Figure 3). Ventilation settings at platforms and tunnels were maintained the same 

at all stations. Information on the distance between the air quality instrumentation and the 

section of the tunnel where the ballast was added during this campaign is shown in Table 4. 

 

 
Figure 3. Location of monitoring equipment in Poble Sec while ballast with water (star 1) and with dust 
suppressant (star 2) was being added in the tunnel. 

 
 
 
Table 4. Information on the activities carried out at the tunnels of Poble Sec station (L3), indicating the 
type of activity, the mean and minimum distance between the activity and the air quality 
instrumentation, and the platform where measurements and activities were carried out. 

 
Date Activity Mean distance (m) Minimum distance (m) Platform 

20/09/2016 Ballast addition 177 57 1 

21/09/2016 Ballast addition 237 57 1 

22/09/2016 Ballast tamping 237 57 1 

27/09/2016 Track tamping 237 57 1 

03/10/2016 Ballast addition 103 37 2 

04/10/2016 Ballast addition 193 0 2 

06/10/2016 Track tamping 103 0 2 

 

 

 

 

 

 

Ballast+water

Ballast+waterwith polymer

monitoringequipments train direction

1

2
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2.4. Ventilation settings 

Two different ventilation settings were applied at the metro station of Tarragona in order to 

compare any differences in air quality on the platform. The ventilation conditions in this station 

are regulated by introducing outdoor air into the tunnel and/or platform (impulsion) and 

removing indoor air towards the outdoor environment (extraction). The mechanical ventilation 

conditions, with strong or low impulsion and/or extraction of air, were adjusted during this study 

following the protocols reported in Table 5. The first sampling campaign took place from 10th 

June to 1st July 2015 (warmer period), while the second one was carried out from 29th February to 

11th May 2016 (colder period). In both cases, the period covered one week under an air 

circulation flow opposed to the normal one, while standard conditions were maintained during 

the rest of the period. 

In order to further assess the role of ventilation on air quality, measurements were also 

carried out at one platform of Collblanc station from 11th May to 11th July 2016. The design of the 

station is characterised by driverless trains running through a single tunnel with one rail track 

separated from a single platform by a wall with a full length platform screen door (PSD) system. 

The organisation of L9S at Collblanc is unusual because at this end of the line the two railtracks 

run one above the other in vertically separated 12-metre-wide tunnels, rather than side by side. 

In Collblanc the situation is complicated by the fact that only the lower rail track and platform are 

currently open for public use, so that trains run in both directions using the same tunnel. The 

upper station is currently only used for maintenance works. Changes were only applied to the 

tunnel ventilation fans (normal setting or turned off), while the ventilation on platforms was 

maintained under normal settings during the entire campaign. Specifications on the ventilation 

fan settings applied during each period are summarized in Table 6. From 27th June to 11th July 

2016, instruments were moved to the out-of-service platform of Collblanc station, located 

immediately above, to compare platform air quality in the absence of regular passenger 

movement but the presence of maintenance transport. 

 
 
Table 5. Operating conditions for tunnel and platform ventilations at Tarragona station. Imp: Impulsion; 
Ext: Extraction. The number of days under each ventilation protocol is indicated for both sampling 
periods. (a) Warmer period, (b) Colder period. 
 

(a) Operating conditions 
Number of 

days 
 

Day Night 

 
Platform Tunnel Platform Tunnel 

STANDARD Strong Imp. Strong Ext. No ventilation Low Imp. 14 
NON-STANDARD Strong Ext. Strong Ext. No ventilation Low Ext. 7 

 

(b) Operating conditions 
Number of 

days 
 

Day Night 

 
Platform Tunnel Platform Tunnel 

STANDARD Strong Imp. Low Ext. No ventilation Low Imp. 37 
NON-STANDARD Strong Ext. Low Ext. No ventilation Low Ext. 7 
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Table 6. Specifications on the ventilation settings applied during the air quality campaign at Collblanc. 
 

Period 
Tunnel ventilation (two fans) Platform ventilation 

Day Night Day Night 

12/05-15/05/2016 Impulsion (25 Hz) Impulsion (25 Hz) Extraction (30 Hz) Extraction (30 Hz) 

16/05-22/05/2016 No ventilation No ventilation Extraction (30 Hz) Extraction (30 Hz) 

23/05-01/06/2016 Impulsion (25 Hz) Impulsion (25 Hz) Extraction (30 Hz) Extraction (30 Hz) 

02/06-07/06/2016 No ventilation No ventilation Extraction (30 Hz) Extraction (30 Hz) 

08/06-26/06/2016 Impulsion (25 Hz) Impulsion (25 Hz) Extraction (30 Hz) Extraction (30 Hz) 

 

2.5. Platform air purifiers 

The effect of air purifiers manufactured by two different companies (A and B) was compared 

against the air quality under normal conditions in the platforms of Tarragona (L3 in February-May 

2016) and Palau Reial stations (L3, October-November 2016) (Table 7). Each purifier was tested 

during one week periods, always preceded and followed by one week under standard conditions. 

Additionally, in the campaign in Palau Reial in order to account for the inter day variability of air 

conditions at platforms, measurements were simultaneously carried out under normal (i.e. 

without air purifier) conditions in the adjacent station of Maria Cristina. This was considered to 

be an effective way to quantify any impact of air purifiers, given the fact that our previous 

campaigns had demonstrated a similarity in air quality to be characteristic of these two adjacent 

L3 stations.  

To further characterize the effect of the purifier A, measurements were also carried out 

aiming to assess how effectiveness varies with the distance. During these tests, a portable 

automatic PM monitor was used to measure in 8 different positions, approximately equidistant, 

along the platform; the first measurement being located at the air quality sampling site, at one 

end of the platform. For comparisons, the same measurements were carried out once under 

ƴƻǊƳŀƭ ŎƻƴŘƛǘƛƻƴǎ ŀƴŘ ƻƴŎŜ ǳƴŘŜǊ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ǘƘŜ ǇǳǊƛŦƛŜǊǎΩ ǇŜǊŦƻǊƳŀƴŎŜΦ 

 

Table 7. Operating conditions for platform ventilations at Tarragona and Palau Reial stations where air 
purifiers were located. 

 
Station Date (2016) Normal ventilation Air purifier A Change in ventilation Air purifier B 

Tarragona 

29/02-10/03         

11-21/03   End of platform     

22-27/03   
 

    

28/03-3/04   
 

see section 2.4   

4-10/04   
 

    

11-20/04   
 

   End of platform 

21-25/04   
 

    

26/04-3/05   Middle of platform     

4-10/05   
 

    

Palau Reial 

11-16/10     

17-26/10  End of platform   

27/10-1/11     

2-8/11    End of platform 

9-10/11     
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2.6. Brake emissions 

In order to further characterise the impact of emissions from different brake pads in the air 

quality of the stations, air quality measurements were performed in line 5 where all trains use 

the same type of brake pads. The station selected, according to the protocol followed in all 

measurements in IMPROVE, was Sant Ildefons (a station with two railtracks). The sampling 

campaign started on the 3rd of February 2016 and lasted the whole month. During this period, 

renewal works were not carried out in order to obtain measurements under representative and 

standard conditions. The percentage of data coverage is lower than in the previous campaigns 

(73% vs >90%), due to frequent power cut-offs during the first two weeks. The data obtained in 

this station was added to that from the other stations to study the effect of the four different 

types of brakes used in all the different subway lines.  

 

2.7. Chemical analyses 

A detailed chemical analysis of the collected PM2.5 samples is performed, following an exhaustive 

protocol: 

A) A quarter of each filter is acid digested (HF:HNO3:HClO4, 2.5:1.25:1.25 mL). The resulting 

solution is then chemically analysed by Inductively Coupled Plasma Atomic Emission 

Spectrometry (ICP-AES: IRIS Advantage TJASolutions, THERMO) for determination of major and 

certain trace elements, and by using Mass Spectrometry (ICP-MS: X Series II, THERMO) for the 

trace elements. 

B) Another quarter of each filter is water leached with de-ionized water (30 g of Milli-Q grade 

water) to extract the soluble fraction. The solution obtained is analysed by ion chromatography 

for determination of Clҍ, SO4
нҍ, and NO3

ҍ, and by selective electrode for NH4
+. 

C) A portion of the filter is used for the analysis of Total Carbon (TC). This analysis is performed at 

the laboratories of the Centre for Energy, Environment and Technological Research (CIEMAT). 

Organic (OC) and elemental carbon (EC) cannot be determined by means of thermal-optical 

methods (OC-EC Sunset instrument) due to the high concentrations of Fe at the samples, which 

could alter the results and cause instrument malfunction. 

The complete chemical analyses described above have been carried out for the total of 509 

PM2.5 samples (including blanks) that have been collected during all campaigns including 71 at the 

station of Sagrera, 73 at Palau Reial, 27 at Maria Cristina, 92 at Tarragona, 33 at Santa Coloma, 46 

at Joanic, 16 at Sant Ildefons, 57 at Collblanc and 22 at Poble Sec. 

In addition to PM2.5 samples, chemical analyses of a selection of subway components were 

also chosen to determine their chemical composition. The selection was based on the 

identification of the subway components that emit particles into the subway environment as 

they wear out during normal use. The selection of the subway components is as follows: 

- Ballast 

- Catenary 

- Electric brush 
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- Pantograph: 3 types 

- Brakes: 4 types (one of the types, Brake 3, comprises two chemically different 

components labelled 3d (dark) and 3r (red) and analysed separately) 

- Rails: 2 types 

- Wheels: 5 types 

 

The chemical composition of the rails and wheels was provided by the manufacturer, 

removing the need for further chemical analysis of this component. The chemical composition of 

the rest of the components listed above was determined following a similar methodology as that 

used for the filter samples. The samples were acid digested and subsequently analysed by 

Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES: IRIS Advantage 

TJASolutions, THERMO) for determination of major and certain trace elements, and by using 

Mass Spectrometry (ICP-MS: X Series II, THERMO) for the trace elements. 
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3. RESULTS 

3.1. PM2.5 concentrations 

 Sagrera 

The sampling campaign at Sagrera was focused on the possible effect of major tunnel night works 

on platform air the following day. Considerable variation in platform PM2.5 concentrations was 

observed during the study period at Sagrera (Table 8 and Figure 4). Average values of PM2.5 on 

the platform during the working night period were consistently raised above normal background 

concentrations during the entire period, especially when dust levels were punctuated by 

transient peaks (100-800 µg m-3) which usually occurred in the early morning at the beginning of 

the work schedule. Median night time (00:00-05:00 am) levels of platform PM2.5 were typically 

28-36 µg m-3 except during weeks 1 and 4 when they rose to 44 µg m-3 and 51 µg m-3 respectively 

(Table 8), which is over double normal Sagrera station night background (21 µg m-3). These two 

periods of higher dust generation were also seen during operational hours, with weekday 

daytime platform PM2.5 levels rising from a median normal background of 36 µg m-3 to 51 µg m-3 

and 67 µg m-3 respectively. In both cases enhanced levels of daytime platform PM2.5 continued 

into the following week, although in much reduced concentrations as the dust event diminished 

in impact. Thus median values of PM2.5 fell from 51 µg m-3 (Week 1) to 40 µg m-3 (Week 2), and 

from 67 µg m-3 (Week 4) to 42 µg m-3 (Week 5). For all other weeks (i.e. Weeks 3, 5 and 6) 

average concentrations of daytime platform PM2.5 were no higher than normal background 

(Table 8).  
 

Table 8. Mean, median, standard deviation and maximum PM2.5 concentrations (5-minute µg m-3 values) 
at the Sagrera platform calculated for both the period before works and the seven weeks during the 
track renewal work programme. 

 NIGHT (00-05:00) DAY (05-24:00) 

 Mean Median SD Max Mean Median SD Max 

Before works period 28 21 38 667 37 36 16 150 

Works period (Mon-Fri)         

Week 1 58 44 66 602 53 51 15 189 

Week 2 35 33 16 127 41 40 13 119 

Week 3 69 33 97 800 36 34 18 473 

Week 4 54 51 22 290 69 67 18 155 

Week 5 45 36 44 640 44 42 13 109 

Week 6 54 28 86 658 38 36 16 375 

Week 7 128 37 162 808 35 33 25 334 
 

The most graphic impact of the tunnel works on air quality was limited to a few nights when 

high short-duration increases (no longer than 30 minutes) of PM2.5 were observed in the early 

morning (3rd, 5th, 16th, 27th, 30th, 31st of March and 1st April) when hourly average levels went up 

as high as 261 µg m-3 due to 5-minute transient peaks all >300 µg m-3 (Figure 4).  
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Figure 4. Time series of PM2.5 at Sagrera station during the whole sampling campaign indicating the seven different weeks when tunnel night works were conducted and 
the different activities being carried out at each tunnel. 
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Median values of PM2.5 concentrations during operational hours are shown in Table 9 and 

demonstrate that platform air quality during the morning immediately after night tunnel works 

was typically lower than during the rest of the day, as is usual given the lower number of trains 

and passengers using the station in the early morning. However, when compared to average 

levels before the works period it becomes immediately obvious that PM2.5 concentrations on the 

platform were actually unusually high at the beginning of operational hours for that time of day. 

In the first week, for example, PM2.5 concentrations were on average 25 µg m-3 above pre-works 

levels during the first operational hour (05.00-06.00), a difference that slowly and progressively 

declined during the day to average out at 15 µg m-3 for the full operational daytime period of 

05.00-24.00 (Table 9). A similar pattern was repeated for the following weeks, with increases in 

PM2.5 levels relative to background being typically around 8-12µg m-3. The only exception to this 

άŦƛǊǎǘ ƘƻǳǊ ǇŜŀƪέ ǿŀǎ ƛƴ ²ŜŜƪ пΣ ǿƘŜƴ ǘƘŜ ǎǳōǿŀȅ ŀƛǊǿŀȅ ǿŀǎ Ŝxceptionally contaminated by 

outdoor infiltrated particles in concentrations high enough to swamp the local effect of night 

tunnel-generated dust (Table 9: see below for discussion of this outdoor source). Irrespective of 

outdoor infiltration events, the data demonstrate that an extra dust burden was present in 

platform air at the start of daytime operations after tunnel night work, and that this additional 

loading declined over the 19-hour working day. At Sagrera this additional works-related extra 

PM2.5 loading on the platform at the beginning of the day was commonly around 10 µg m-3. 

 

Table 9. Median PM2.5 concentrations (5-minute µg m-3 values) at the Sagrera platform calculated for the 
1, 4, 8 and 19 hours on the days after night tunnel works, distinguishing each of the different weeks 
during the renewal works. Numbers in brackets refer to the difference with background (before night 
works) levels. 

 Median 

 05-06:00 05-09:00 05-13:00 05-24:00 

Before works period 21 33 36 36 

Works period (all activities) 

Week 1 46 (+25) 52 (+19) 53 (+17) 51 (+15) 

Week 2 37 (+16) 46 (+13) 43 (+7) 40 (+4) 

Week 3 31 (+10) 36 (+3) 33 (-3) 34 (-2) 

Week 4 60 (+39) 74 (+41) 77 (+41) 67 (+31) 

Week 5 45 (+24) 47 (+14) 48 (+12) 42 (6) 

Week 6 29 (+8) 32 (-1) 35 (-1) 36 (0) 

Week 7 31 (+10) 28 (-5) 29 (-7) 33 (-3) 

 

Further insight into the physical character of the ambient PM loading during the sampling 

campaign is provided by Figure 5 which records inhalable particle number concentrations 

measured on the platform , separated into relatively coarse (2.5-10 microns), fine (1-2.5 microns) 

and very fine (0.3-1 microns). This plot demonstrates that during weeks 1 and 4 it was the very 

fine (<1 micron) sized particles that were increasing the most, especially towards the end of the 

week. The figure also shows notable transient peaks associated with the start of work in the 

Congrés-Sagrera (Tuesday 17 February) and Sagrera-/ŀƳǇ ŘŜ ƭΩ!ǊǇŀ ό¢ǳŜǎŘŀȅ о aŀǊŎƘύΣ ǇǊƻōŀōƭȅ 

linked to transport emissions, and a cluster of peaks late in the campaign when the new rails 

were being welded.  



 
 

                                                                                                                   19 

 

 

Figure 5. Time series of particle number concentrations at Sagrera station during the whole sampling campaign indicating the seven different weeks when tunnel night 
works were conducted and the different activities being carried out at each tunnels.  
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Figure 6 shows density graphs of N0.3-10 concentrations for three size ranges (0.1-3, 3-2.5 and 

2.5-10 µm) during the 7 weeks of renewal works, normalised to the conditions before the works 

so that values >1 might indicate an effect of the night works on ambient daytime concentrations. 

This figure distinguishes between non-operating hours (0:00-5:00 h) and subway daytime 

operational hours (5:00-0:00 h). The following conclusions from this figure may be drawn: i) 

During weeks 1 and 4 there was a notable extra peak in the finest PM sizes (0.1-3 µm), thus 

reinforcing the observations made in Figure 5; ii) The more abundant presence of coarse PM 

during operational daytime hours is attributed to the train movement resuspension of an 

additional burden of works-generated particles, probably sourced from ballast; iii) The 

anomalous patterns observed for Week 7 (actually only 3 days), with exceptionally abundant 

amounts of coarser PM present, is attributed to dust generated during the last stage of the 

operation when final welding and track finishing took place and materials including ballast were 

being removed from the worksite. 

The pollution events recorded underground during Weeks 1 and 4 were additional to dust 

generated by the tunnel night works. Despite the fact that similar night work activities were 

being performed during Weeks 3 and 4, ambient daytime PM2.5 levels in the subway were over 30 

µg m-3 higher in Week 4 (Table 8). The source of this additional pollution during Weeks 1 and 4 

can be found by looking at what was happening to air quality in the city above ground (Figure 7; 

Table 9). During both Weeks 1 and 4, average weekday levels of PM2.5 in background city air rose 

above 20 µg m-3, rising to a peak >40µg m-3 during Wednesday to Friday, a pattern repeated 

underground on the Sagrera platform (Figure 7). This increase in fine-sized inhalable particles 

during Weeks 1 and 4 is attributed to the arrival of far-travelled pollution clouds drifted over 

northeast Spain from eastern Europe (see Section 3.3.1 and Figure 18). 

Figure 7 also records three arrivals of North African (NAF) desert dust in the city during the 

campaign period. The first of these occurred in the week before works began and resulted in 

elevated PM levels both above ground and in the subway (Figure 7). The second of these NAF 

events occurred in Week 3 during the works, but apart from a brief minor peak seen outdoors 

during 2nd March, this desert dust intrusion was very dilute and had only a limited effect on 

ambient levels which remained well below average in the city. The final NAF event arrived in the 

weekend of 22nd March, was short-lived, and again had little obvious effect on PM mass levels 

(Figure 7). 

The comparisons between subway PM levels and those at the city background monitoring 

station in Barcelona given in Table 10 confirm that the quality of outdoor city air has a significant 

impact on that in the subway at Sagrera. This outdoor infiltration was especially notable during 

the first NAF events and in Weeks 1 and 4, but the data summarised on Tables 8 and 9 also reveal 

that an additional, presumably locally sourced dust burden was present in the subway station 

during the works period. Prior to the start of works, the average weekday difference between 

Palau Reial outdoor background and Sagrera platform during operational hours was 21 µg m-3, 

whereas during the first four weeks of rail removal and track preparation this outdoor/indoor 

difference rose to 28-33 µg m-3, irrespective of the presence of outdoor pollution episodes. We 

attribute this additional average burden of around 10 µg m-3 to the impact of the night works. 

The impact of this extra loading declined during daytime operational hours so that, in the 
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absence of extra dust sources (such as infiltrated sulphate) average PM levels returned to normal 

by the end of the day. During times when outdoor air was exceptionally clean, such as Weeks 2 

and 3 (Palau Reial urban background site 6-8 µg m-3ύΣ ǘƘŜ ƛƳǇŀŎǘ ƻŦ ǘƘŜ ŜȄǘǊŀ άǿƻǊƪǎ-ƎŜƴŜǊŀǘŜŘέ 

dust burden was inevitably more noticeable, as demonstrated by the ratios shown in Table 10. 

During the latter part of the works period, after track removal and preparation but during new 

rail laying and final welding, this additional PM impact diminished to 6 µg m-3 (Week 5) and 3 µg 

m-3 (Week 6). Thus the dust-generating impact of night works appears to have been higher during 

the earlier phases of track removal and preparation. 

 

Figure 6. Density graphs of N0.3-10 concentrations on three size ranges (0.3-1, 1-2.5 and 2.5-10 µm) during 

the 7 weeks of renewal works normalised to the conditions before the works. 
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Figure 7. Time series of PM2.5 concentrations at Sagrera station and at the urban background ambient air 
site of Palau Reial in Barcelona during the whole sampling campaign indicating the seven different weeks 
when tunnel night works were conducted and the different activities being carried out at each tunnel. 
Note the similarity between the outdoor background and underground platform patterns during the 
pollution episodes of Weeks 1 and 4. Days when NAF episodes in the outdoor ambient air were recorded 
are also highlighted. 
 

Table 10. Median PM2.5 concentrations (hourly values) at the urban background and Sagrera platform 
calculated during working days for both the period before works (30/1-13/02) and the seven weeks 
during the track renewal work programme (16/02-01/04). 

PM2.5 Median (µg m-3) Before 

works 

Week 

1 

Week 

2 

Week 

3 

Week 

4 

Week 

5 

Week 

6 

Week 

7 

Outdoor ambient air 14 22 6 8 30 15 13 7 

Sagrera subway platform 35 50 39 37 63 42 37 23 
         

Ratio indoor/outdoor 2,5 2,3 6,5 4,6 2,1 2,8 2,8 3,3 

 

 Santa Coloma and Joanic  

In the case of both Santa Coloma and Joanic stations night time tunnel work activities took place 

over a much shorter period than at Sagrera. The Santa Coloma work programme started with just 

one day each for old railtrack removal, new rail installation, and preparation before two days of 

welding and a final two days for finishing off the newly laid track. Once again (as with the Sagrera 

campaign) these works activities produced several prominent spikes in PM2.5 during the early 

morning (Figure 8). These night time increases mostly lasted for less than 2 hours, although they 

were in some cases quite extreme, with measured PM2.5 concentrations increasing up to 926 µg 

m-3 of PM2.5 (5-minute values).  
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Figure 8. Time series of PM2.5 (µg m-3) at Santa Coloma station during the whole sampling campaign. 

 

Table 11 provides mean and median values for PM2.5 concentrations before and during the 

works period. As would be predicted from the peaks displayed in Figure 8, night PM2.5 mean 

concentrations were variable but mostly significantly higher than prior to work commencement, 

in the most extreme case rising to over 200 µg m-3. However despite the prominence of these 

transient pollution peaks, they did not have an obvious effect on the averaged PM levels of 

platform air during the following day, with median daytime values between 28-48 µg m-3 

compared to the 42 µg m-3 measured before the works started (Table 11). Even in the most 

extreme case of 23rd October, when night time mean PM2.5 concentrations were five times higher 

than the previous night, daytime averages appear to have been unaffected (Table 11). If, 

however (as with Sagrera) we look at PM averages as the day progressed we see that PM2.5 levels 

were significantly higher in the early morning when compared to the pre-works average and that 

this additional loading declined over the day (Table 12).  

 

Table 11. PM2.5 concentrations (µg m-3) at the Santa Coloma platform on the days after night time 
activities, distinguishing each of the different activities carried out during the renewal works. 

 NIGHT (00-05:00) DAY (05-24:00) 

 Mean Median SD Max Mean Median SD Max 

Before works period 1-14/10/2015 38 38 17 105 44 42 17 150 

Works period  
        

15/10/2015: Railtrack preparation 
                       (Old rail removal) 

65 53 52 307 36 28 23 135 

16/10/2015  New rail installation 60 38 61 302 35 28 23 120 

20/10/2015  Railtrack preparation  90 46 140 759 45 42 15 96 

21/10/2015  Welding 99 51 158 926 50 46 19 138 

22/10/2015  Welding 40 29 22 101 54 48 21 129 

23/10/2015  New railtrack finishing 202 133 178 790 53 47 23 205 

26/10/2015  New railtrack finishing 88 49 112 673 46 47 15 110 
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Table 12. Median PM2.5 concentrations (5-minute µg m-3 values) at the Santa Coloma platform calculated 
for the 1, 4, 8 and 19 hours on the days after night tunnel works. 

 Median 

 05-06:00 05-09:00 05-13:00 05-24:00 

Before works period 1-14/10/2015 33 37 37 42 

Works period (all activities) 

15/10/2015: Railtrack preparation 75 (+42) 42 (+5) 32 (-5) 28 (-14) 

16/10/2015  New rail installation 50 (+17) 39 (-2) 28 (-9) 28 (-14) 

20/10/2015  Railtrack preparation  52 (+19) 53 (+16) 50 (+13) 42 (0) 

21/10/2015  Welding 52 (+19) 49 (+12) 50 (+13) 46 (+4) 

22/10/2015  Welding 61 (+28) 52 (+15) 46 (+9) 48 (+6) 

23/10/2015  New railtrack finishing 48 (+15) 59 (+22) 51 (+14) 47 (+5) 

26/10/2015  New railtrack finishing 53 (+20) 52 (+15) 50 (+13) 47 (+5) 
 

Further information on the physical character of the particles generated during the night 

work activities is revealed by the data on particle number concentrations in three different size 

ranges shown in Figure 9. There was, as is usual, great fluctuation in the numbers of finer 

particles present on the platform, with the most prominent peaks being associated with both 

tunnel night works and daytime activity of trains, commuters, and cleaning staff. The most 

obvious effect of night works at Santa Coloma on platform air quality however was an increase in 

coarser particles (2.5-10 microns: Figure 9), which clearly coincided with the early morning 

activities but quickly subsided in train operational hours. The highest peaks in both PM2.5-10 and 

PM1-2.5 coincided with night works activities, whereas this was not the case for the finest particles 

(PM0.3-1), levels of which were not increased by the railtrack work.  

 

 

Figure 9. Time series of particle number concentrations at Santa Coloma station during the whole 
sampling campaign indicating the three different weeks when tunnel night works were conducted and 
the different activities being carried out at the tunnel. 

 

The dominance of coarser PM produced by the maintenance work is likely due to dust 

generated by moving, replacing and tamping rock ballast. Another factor that may be affecting 

daytime platform particulate levels is the timing of the coarse PM peaks during the night. The 

first two nights of works (15-16/10) created large amounts of PM2.5-10 throughout the night 

working period so that the additional dust loading was freshly present on the platform when the 

trains started running but then quickly declined over the next few hours (for example on 15/10 
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dropping from an average of 75 µg m-3 in the first hour to 42 µg m-3 over the period 05:00-09:00). 

In contrast, the next two work nights (20-21/10) produced coarser PM peaks that were shorter 

lived and confined to the very early morning, so their effects had subsided by the time the trains 

started running (thus on 21/10 average PM2.5 values dropped from only 52 to 49 µg m-3 over the 

same period). Thus the morning after effect of night work dust events will depend not only on 

how much dust was produced, but when it was produced during the night. 

Figure 10 shows density graphs of N0.3-10 concentrations for three size ranges (0.1-3, 3-2.5 and 

2.5-10 µm) during the night works in Santa Coloma (values are normalised to the conditions 

before the works so that values >1 might indicate an effect of the night works on ambient 

daytime concentrations). This figure distinguishes between non-operating hours (0:00-5:00 h) 

and subway daytime operational hours (5:00-0:00 h). In general night activities did not result in a 

clear increment on number of particles during the next day, with the exception of the last day 

when new railtrack activities were finishing with an increment on the N0.3-1 concentrations. At the 

time the activities were ōŜƛƴƎ ŎŀǊǊƛŜŘ ƻǳǘ ƻƴƭȅ άŦƛƴƛǎƘƛƴƎέ ŀŎǘƛǾƛǘƛŜǎ ǇǊƻŘǳŎŜŘ ŀ ŎƭŜŀǊ ƛƴŎǊŜƳŜƴǘ 

on coarser particles, especially N2.5-10.  

 

 

Figure 10. N0.3-10 concentrations density graphs on three size ranges (0.3-1, 1-2.5 and 2.5-10 µm) during 
the nightworks normalised to the conditions without works. Graphics include values when no works 
were carried out and for the 15, 16, 20, 21, 22, 23 and 26 of October when activities were produced. 
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Figure 11 compares PM2.5 concentrations on Santa Coloma platform with outdoor 

background in Barcelona. Unlike during the sampling experiment conducted at Sagrera, the levels 

measured underground at Santa Coloma did not show a strong link to outdoor conditions. The 

prominent outdoor pollution event during the beginning of Week 1, for example, was not seen in 

the subway (Figure 11). The brief North African (NAF) dust episode recorded outdoors in the 

week before the monitoring campaign began coincided with minor peaks underground in the 

subway but then subway air quality worsened after the NAF had passed. In the same way the 

peaks observed in the subway platform coinciding with the night time activities are not shown by 

the urban background site, reinforcing the interpretation that they are only related to the 

subway activities underground (Figure 11). 

 

 

Figure 11. Time series of PM2.5 concentrations (µg m-3) at Santa Coloma station and at the urban 
background ambient air site of Palau Reial in Barcelona during the whole sampling campaign indicating 
the different activities being carried out at the tunnel (see previous figures). Days when North African 
dust episodes in the outdoor ambient air were recorded are also highlighted (NAF), although this was 
limited to a brief period in the week before the works started. 

 

Moving to the monitoring campaign conducted in Joanic station, a time series summarising 

PM2.5 concentrations measured during the monitoring campaign is shown in Figure 12. In this 

case the 13-night work programme involved an initial phase of catenary maintenance, track 

preparation and old rail removal before the new rail was installed and final welding completed. 

This campaign did not involve ballast replacement, so there was no final phase of tamping and 

finishing, and there was instead emphasis on catenary maintenance. Once again, as with the 

Santa Coloma data, we see obvious extreme transient peaks in particle concentrations coinciding 

with the night activities, especially in the early stages of the work, when levels briefly exceeded 

600 µg m-3. These transient peaks however were typically confined to a short period at the 

beginning of work activity during the night shift, a pattern especially noticeable during the first 

six nights, and they were largely absent during the later phase of the work, especially during the 

final welding. 
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Figure 12. Time series of PM2.5 (µg m-3) at Joanic station during the whole sampling campaign. 

 

Table 13 provides mean and median values for PM2.5 concentrations during works nights and 

following day at Joanic. Pre-works background values were not obtained during this study, and 

the sampling was complicated by the arrival of biomass burning plumes (15th November; 20th 

December) and North African (NAF) desert dust (1st-6th and 15th-20th December) intrusions into 

the city air. However, previously published measurements at this station (Martins et al., 2016) 

indicate average daytime mean PM2.5 values of around 65-70 µg m-3, and we have chosen the 

data from Friday 20 Nov (65 µgPM2.5 m-3) as representative of weekday values unaffected by NAF, 

SIC or biomass episodes, or night works. In addition we include average values for the entire 

sampling period (46 days). 

 

Table 13a. PM2.5 concentrations (µg m-3) on the Joanic platform, distinguishing each of the different 
activities carried out during the renewal works, and with average levels the following day. 

 NIGHT (00-05:00) DAY (05-24:00) 

 Mean Median SD Max Mean Median SD Max 

20 November: (background value) 51 46 19 116 65 63 13 112 

Entire sampling period (3 Nov-20 Dec) 68 61 41 617 79 77 26 219  

Works period         

04-nov Catenary work 73 51 66 275 63 61 13 95 

05-nov Catenary work 73 55 54 213 71 70 14 106 

06-nov Track preparation 75 66 44 218 87 88 18 120 

11-nov Catenary work 110 78 87 463 83 85 16 117 

12-nov Catenary work 85 71 48 230 72 71 11 114 

13-nov Track preparation 61 40 50 237 81 81 14 114 

23-nov Track preparation (Monday) 30 21 26 125 56 56 12 100 

26-nov Track preparation 61 48 41 195 62 58 14 109 

27-nov Track preparation 73 38 107 617 58 57 12 94 

09-dic New rail installation 124 111 46 378 95 94 16 147 

10-dic Welding 67 64 10 94 85 83 13 139 

14-dic Welding (Monday) 47 41 17 87 91 92 18 123 
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Table 13b. Median PM2.5 concentrations (5-minute µg m-3 values) at the Joanic platform calculated for 
the 1, 4, 8 and 19 hours on the days after night tunnel works. 

 Median 

 05-06:00 05-09:00 05-13:00 05-24:00 

Background (20/11) 46 78 69 63 

No works (28/10-25/11/13) 54 66 66 67 

Works period 

04-nov 45 (-1) 72 (-6) 67 (-2) 61 (-2) 

05-nov 37 (-9) 77 (-1) 79 (+10) 70 (+7) 

06-nov 38 (-8) 76 (-2) 94 (+25) 88 (+25) 

11-nov 36 (-10) 80 (+2) 81 (+12) 85 (+22) 

12-nov 58 (+12) 80 (+2) 78 (+9) 71 (+8) 

13-nov 43 (-3) 75 (-3) 81 (+12) 81 (+18) 

23-nov 33 (-13) 62 (-16) 61 (+8) 56 (-7) 

26-nov 43 (-3) 75 (-3) 71 (+2) 58 (-5) 

27-nov 30 (-16) 68 (-10) 62 (-7) 57 (-6) 

09-dic 94 (+48) 111(+33 107 (+38) 94 (+31) 

10-dic 66 (+20) 93 (+15) 88 (+19) 83 (+20) 

14-dic 43 (-3) 82 (+4) 94 (+25) 92 (+29) 

 

Unlike with the Sagrera and Santa Coloma data, those from Joanic show much less 

correspondence between night works and PM levels during the night or following day (Tables 

13a, b). A majority (8 out of 13) of nights recorded some increase in mean PM2.5 concentrations, 

but these were generally much less than, for example, those recorded after night works at Santa 

Coloma. This weaker signal is reflected by mean daytime PM2.5 values which were more often 

than not below average after night works when compared to the whole sampling period. 

Similarly not one of the daytime averages presented on Table 13b show an extra PM2.5 early 

morning loading declining progressively over the day, in clear contrast to the Sagrera and Santa 

Coloma data. However there are some clear differences between PM emissions during different 

types of work, with the laying of the new rail producing the highest PM levels (Table 13). 

Transient peaks in number particle concentrations at Joanic again coincided with night 

maintenance activities, as demonstrated in Figure 13. This figure however reveals a clear physical 

difference between the particles generated during the works at Joanic and Santa Coloma. 

Whereas the Santa Coloma campaign was characterised by notable increases in coarser PM (2.5-

10 micron size), this was not seen at Joanic which instead showed several extreme transient 

peaks in the finest particle sizes (0.3-1 micron size). We attribute this notable difference to the 

lack of ballast work at Joanic producing much less coarse mineral (rock) dust, and perhaps more 

specifically to the release of fine particles during maintenance work on the rail and catenary. 

It may be concluded from the data presented on Tables 13a, b, and Figures 12 and 13 that the 

Joanic night works had little if any effect on platform PM mass concentrations during the 

following day. Presumably this was due to a lack of any extra loading of coarse (and therefore 

heavy) PM, combined with the fact that night time PM peaks were not only short but generally  

confined to the very early morning, well before the metro station opened for business, thus 

giving more time for dust to settle. 
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Figure 13. Time series of particle number concentrations at Joanic station during the whole sampling 
campaign indicating the different activities when tunnel night works were conducted at the tunnel. 
Activities as in figure 12. 

 

Figure 14 shows density graphs of N0.3-10 concentrations for three size ranges (0.1-3, 3-2.5 and 

2.5-10 µm) in Joanic (values are normalised to the conditions before the works so that values >1 

might indicate an effect of the night works on ambient daytime concentrations) distinguishing 

between non-operating hours (0:00-5:00 h) and subway daytime operational hours (5:00-0:00 h). 

Figures include the N values in a typical day before the night works, an in the 11th, 13th, 23rd of 

November and 9th and 14th of December when specific activities were being carried out. The 

Joanic platform presents a distribution of N0.3-1 concentrations very wide under background 

conditions (N values from 0 to 5), indicating different possible sources for this size of particles 

more than a single one as Santa Coloma or Sagrera (Figs. 6 and 10). This pattern can also be 

observed in the nights when works were carried out. As shown in the case of Santa Coloma no 

obvious increments on number particle concentrations were registered during the night time 

activities, with the exception of the 11th of November (catenary maintenance works), when 

especially finer particles did increased in number concentration respect to background conditions 

(N>1). Similarly, during the day it was rare to see higher number concentrations after night 

works, only some days when railtrack preparation activities or welding were carried out 

registered higher N2.5-10 values, most possibly related to the movement of ballast. 

A comparison between hourly data in the ambient air at the Barcelona background station 

and in the Joanic subway platform (5 km away to the NE) during the sampling period is provided 

by Figure 15. In general there was correspondence between the two databases, see for example 

the coincidence of during the first weekend period and during the last ten days of measurement. 

The similarity between the two curves during the final week (post-works), which coincided with 

the arrival of a desert dust intrusion from North Africa (NAF) is particularly striking (Figure 15). 

The effect of this infiltration is further investigated in the next section (3.3.3) which deals with 

PM chemical variations over the sampling campaign period. 
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Figure 14. Density graphs of N0.3-10 concentrations on three size ranges (0.3-1, 1-2.5 and 2.5-10 µm) 

during the night works normalised to the conditions without works for the 11, 13, 23/11 and 9, 14/12. 

 

 

Figure 15. Time series of PM2.5 concentrations (µg m-3) at Joanic station and at the urban background 
ambient air site of Palau Reial in Barcelona during the whole sampling campaign indicating the different 
activities being carried out at the tunnel (see previous figures). Days when North African desert dust 
(NAF) and biomass burning episodes in the outdoor ambient air were recorded are also highlighted. 
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 Palau Reial and Maria Cristina 

The primary objective of this experiment was to assess the effect on platform air quality of night 

tunnel works exclusively dedicated to ballast addition. In addition the study offered the chance to 

compare the effects on air quality of the different activities of ballast addition and track tamping. 

The study took place in the two neighbouring stations of Palau Reial and Maria Cristina, both of 

which have the same design. The relative location of the areas where ballast was added respect 

to the two platforms is shown in Figure 16. 

In the case of Palau Reial the addition of new ballast took place on four separate nights (24th, 

27th and 29th of April, and 5th of May), with the ballast having been previously washed with water 

but with no extra dust-suppressant being added. Each of the four ballast laying nights saw 

substantial but short-lived increases in PM2.5 concentrations on the platform at night, with peaks 

rising above 200 µg m-3 and in one night (24th) over 1100 µg m-3 (Figure 17). All of these transient 

peaks occurred early in the night when the ballast was initially dumped on to the track prior to 

being worked into place, and contrast markedly with the normal weekday situation at Palau Reial 

when PM levels drop rapidly to a daily minimum after the station closes at night (Figure 17).  

 

 

Figure 16. Location of the area where ballast was added with respect to the two platforms where the 

monitoring equipment was situated. 

 

Average PM2.5 concentrations during night (00:00-05:00) and daytime operating hours before 

and during the ballast work programme are shown on Table 14. The substantial increase in 

airborne PM due to dust released when ballast is dropped on the track is reflected by higher 

night time concentrations which rose to over double those when only track tamping was being 

performed. Closer analysis of PM2.5 concentrations as the days progressed is provided by Table 15 

which reveals a typical pattern of subdued initial levels (05:00-06:00) rising rapidly as train 

frequency increases during the morning before later falling back to produce a daily average of 

broadly around 100 µg m3. There is however considerable variation, with early morning dust 

levels at 05:00-06:00 progressively rising as the ballast laying work programme continued (56-68-

80-122 µg m-3) which is consistent with the tunnel night work moving closer to the platform 
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monitoring equipment. By the end of the operational day, however, with the exception of the 

most heavily polluted day (5th May), average dust levels returned to around normal and the 

effect of any extra ballast-related contamination had been diluted by the constant flux of air 

currents produced by train movement and ventilation.  
 

 

Figure 17. Time-series of PM2.5 (µg m-3) at Palau Reial station. Weekends and periods when maintenance 

activities were taking place are highlighted in colours. 

 

Table 14. PM2.5 concentrations (µg m-3) at the Palau Reial platform on the days after night time activities, 
and after the works period. 

 NIGHT (00-05:00) DAY (05-24:00) 

 Mean Median SD Max Mean Median SD Max 

Addition of ballast (24, 27, 29/4 & 5/5) 101 63 127 1161 103 98 30 233 

After works period (6-8/05) 49 34 33 156 106 105 25 182 

 

Table 15. Median PM2.5 concentrations (5-minute µg m-3 values) on Palau Reial platform as the days 
progressed during train operating hours after night tunnel works. For comparison averages are given for 
before works (only day filter data available) and after works.  

 Median 

 05-06:00 05-09:00 05-13:00 05-24:00 

20, 21, 22, 23-apr (day filters)    87 

24-apr (addition ballast) 56  140  132  100  

27-apr (addition ballast) 68  81  88  79  

29-apr (addition ballast) 80  129  111  97 

05-may (addition ballast) 122  156  137  127  

After works period (6-8/05) 51 120 115 105 

 

The unusually low levels of morning rush hour (06:00-09:00) PM2.5 concentrations on Monday 

27th April coincided with an exceptionally clean atmospheric episode outdoors, produced by the 

advection effect of fresh NW winds sweeping across the Diagonal. Figure 18 demonstrates this 

cleansing event, when ambient PM2.5 in city air dropped from around 40 µg m-3 to well below 10 

µg m-3. Also shown on this figure are three North African dust arrivals into the city (NAF): the 

advection event on the 27th marked the sudden termination of the first of these NAF intrusions, 

which was the strongest of the three. Note also that the first night of ballast addition coincided 
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with the beginning of this first NAF intrusion, so that background PM levels in the city were 

already on the increase, thus presumably accentuating the difference in subway air quality 

between 24th and 27th April (Table 15). Such observations emphasise how subway PM levels at 

any given moment are a sum of different influences and sources, in this case adding ballast and 

desert dust to the normal background of particles present on the platform. 

 

Figure 18. Time series of PM concentrations (µg m-3) at Palau Reial station and at an urban background 
ambient air site in Barcelona during the whole sampling campaign indicating the different activities 
(green = ballast addition). NAF = North African desert dust intrusions. 

 

A time series recording particle number concentrations at Palau Reial station is presented on 
Figure 19. The levels show the regular daily pattern of particle numbers being interrupted by 
transient peaks during several of the works nights.  

 

Figure 19. Time series of particle number concentrations at Palau Reial station. Days when NAF and 
biomass burning episodes in the outdoor ambient air were recorded are also highlighted. 
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Figure 20 shows density graphs of N0.3-10 concentrations for three size ranges (0.3-1, 1-2.5 and 

2.5-10 µm) in Palau Reial (values are normalised to the conditions before the works so that 

values >1 might indicate an effect of the night works on ambient daytime concentrations) 

distinguishing between non-operating hours (0:00-5:00 h) and subway daytime operational hours 

(5:00-0:00 h). Ballast addition can be seen to have produced an increase in N concentrations of 

all particles during the night time, and a smaller but detectable rise during the day.  

 

Figure 20. Density graphs of N0.3-10 concentrations on three size ranges (0.3-1, 1-2.5 and 2.5-10 µm) 

during a day not affected by night works and a day after ballast addition. 

 

In the case of Maria Cristina the new ballast had been previously coated with an anti-

resuspension polymer to observe the possible effect of this compound on dust release while 

adding new ballast. Unfortunately however a major breakdown of the equipment transporting 

the ballast forced the temporary offloading of all ballast in the tunnel over 1 km away from Maria 

Cristina on 22nd May. Following repair of the machinery, work was resumed on Monday 25th May, 

with the ballast being reloaded and transported to the work site. The effect of this delay and 

extra movement on the dust polymer is unknown, but it is likely that at least some of the coating 

was lost so that our study of the effect of adding polymer was later focused instead on the 

experiment at Poble Sec (see below) which went according to plan. 

A time-series of PM2.5 (µg m-3) levels at Maria Cristina station is presented in Figure 21, again 

revealing obvious transient peaks produced by the night works and, especially, by the equipment 

failure and ballast offloading on 22nd. The peak on this first night is especially surprising given the 

fact that the breakdown occurred 1.5 stations down the line from Maria Cristina and 

demonstrates the severity of the pollution event. The median night levels of PM2.5 produced at 

Maria Cristina during ballast addition (83 µg m-3 ) were higher than those recorded at Palau Reial 

(63 µg m-3), yet average daytime levels at Maria Cristina again remained unaffected by the night 

pollution, even after the dramatic pollution event on the 22nd (Table 16). Further insight is gained 

from Table 17 which provides median PM2.5 concentrations (5-minute µg m-3 values) at the Maria 

Cristinŀ ǇƭŀǘŦƻǊƳ ŀƴŘ ŘŜƳƻƴǎǘǊŀǘŜǎ ǘƘŀǘ ǿƘƛƭŜ ƻƴŎŜ ŀƎŀƛƴ ŀƴ ƻōǾƛƻǳǎ άōŀƭƭŀǎǘ ŀŘŘƛǘƛƻƴ ƭƻŀŘƛƴƎέ 

effect is consistently recognisable on the platform at the beginning of the operational day (05:00-

06:00h), the initially excess platform PM is diluted as the day progresses.  
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Figure 21. Time-series of PM2.5 (µg m-3) at Maria Cristina station. Periods when maintenance activities 

were taking place are highlighted in colours. 

 

Table 16. PM2.5 concentrations (µg m-3) at the Maria Cristina platform on the days after night time 
activities, distinguishing each of the different activities carried out during the renewal works. 

 NIGHT (00-05:00) DAY (05-24:00) 

 Mean Median SD Max Mean Median SD Max 

Before works (18-21/05) 51 51 24 124 80 81 14 130 

Fault of ballast transport vehicle 222 135 253 1383 83 81 14 148 

Addition of ballast (25 & 28/05) 141 83 160 927 75 76 20 131 

 

Table 17. Median PM2.5 concentrations (5-minute µg m-3 values) on the Maria Cristina platform on the 
days after night tunnel works. 

 Median 

 05-06:00 05-09:00 05-13:00 05-24:00 

Before works period (18-21/05) 47 86 83 81 

22-may (vehicle failure) 84 (+23) 98 (+12) 84 (+1) 81 (0) 

25-may (addition ballast) 96 (+49) 102 (+16) 91 (+8) 85 (+4) 

27-may (addition ballast) 74 (+27) 60 (--) n/a n/a 

28-may (addition ballast) 82 (+35) 72 (--) 62 (--) 57 (--) 

After works (2-6/06) 58 80 69 59 

 

The particle number concentrations profile is shown on Figure 22, again marking the transient 

peaks associated with night maintenance work. These data also record how the dust measured at 

this locality was characterised by prominent peaks in the coarse size fraction (PM2.5-10), although 

the coarser signature rapidly declined over the following day. 
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Figure 22. Time series of particle number concentrations at Maria Cristina station during the whole 
sampling campaign indicating the different activities when tunnel night works were conducted. 

 

Figure 23 shows density graphs of N0.3-10 concentrations for three size ranges (0.3-1, 1-2.5 and 

2.5-10 µm) in Maria Cristina (values are normalised to the conditions before the works so that 

values >1 might indicate an effect of the night works on ambient daytime concentrations) 

distinguishing between non-operating hours (0:00-5:00 h) and subway daytime operational hours 

(5:00-0:00 h). The effect of higher dust loadings during the night is again obvious from this figure, 

as is the emphasis on coarser particles (especially on the 22nd). Furthermore this figure also 

demonstrates how during the following day after ballast addition there was no clear increment 

on number of particles for any of the three size ranges, although the release of a large amount of 

ballast due to the vehicle failure, even though it was 1000 m away from the monitoring point, did 

show some increase of N2.5-10 the next day.  
 

 
Figure 23. Density graphs of N0.3-10 concentrations on three size ranges (0.1-3, 3-2.5 and 2.5-10 µm) 

during the night works normalised to the conditions without works for the days 22, 25, 27 and 28/05. 
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Figure 24 compares PM concentrations in outdoor ambient air simultaneously with those on 

the Maria Cristina platform. During the measurement campaign in Maria Cristina there was no 

major dust intrusion event outside, with only one NAF event (short and well before the campaign 

started) and two minor biomass burning episodes (similarly brief and this time after the 

campaign). City outdoor background levels typically fluctuated between 5-25 µg m-3 but there 

was generally poor correspondence between outdoor and subway PM concentrations. During the 

works campaign at Maria Cristina outdoor PM2.5 levels were generally on the rise, whereas in the 

subway, apart from the transient peaks, average levels were, if anything, declining (Figure 24). 
 

 

 

Figure 24. Time series of PM2.5 concentrations (µg m-3) at Maria Cristina station and at the urban 
background ambient air site of Maria Cristina in Barcelona during the whole sampling campaign 
indicating the different activities being carried out at the tunnel (see previous figures). Days when NAF 
and biomass burning episodes in the outdoor ambient air were recorded are also highlighted. 

 

 

 Poble Sec  

The campaign at Poble Sec station (L3) was designed to test whether prior addition of a dust 

suppressant to ballast has any effect on platform air quality during and after night maintenance 

work. Figure 25 shows the time-series of PM2.5 concentrations during the sampling campaign and 

Figure 26 the relative location of the ballast activities regarding the situation of monitoring 

equipment. Ballast addition to the track took place in the station itself, very close to the 

monitoring equipment. The first part of the campaign used ballast that had been previously 

washed with water only, and the second phase used ballast washed with water and polymer dust 

suppressant. In both cases ballast was added to the track which was then tamped (green and red 

on Figure 25: tamping involves packing the ballast under the sleeper to produce a stable sleeper 

bed). Other peaks shown in the figure were recorded during subway operational hours and 

therefore were related to passenger (or platform cleaning) activities. Especially prominent is the 

>3200 µg m-3 peak registered at 23:05 pm on the 24th of September, a major bank holiday festival 

in Barcelona.  
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Figure 25. Time-series of PM2.5 (µg m-3) during the sampling campaign at Poble Sec station (5-minute 
resolution data except the period 18-28/09 with a 10-second resolution and therefore more άƴƻƛǎŜέύΦ 

 

As demonstrated on Table 18 the addition of ballast untreated with polymer dust suppressant 

resulted in a doubling of average PM levels during the working night, although average 

concentrations during the following day remained the same as before the ballast work began. 

The succeeding track tamping operations further increased night time PM2.5 levels which reached 

median levels of 86 µg m-3 and mean levels of 180 µg m-3 but again there was no effect on 

average daytime ambient concentrations.  

 

 
 
Figure 26. Relative location of the night activities from the monitoring equipments in Poble Sec during 
both tunnel operations indicating the dates when they were carried out. The rectangle in red refers to 
the platform where the equipment was located. 

 

The addition of ballast impregnated with dust suppressant polymer resulted in lower PM2.5 

concentrations during the nights when ballast was added to the track, with mean levels 20% less 

(42 instead of 52 µg m-3), although daytime levels again stayed around or slightly above average. 
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The results were even more striking with regard to levels of dust generated by subsequent track 

tamping, with night time PM2.5 concentrations falling from a mean of 180 µg m-3 (without 

suppressant) to 88 µg m-3 (with suppressant). Daytime levels after tamping with suppressant 

remained above average (Table 18), although this may have been due to outside influence (see 

below).  

 

Table 18. PM2.5 concentrations (µg m-3) at the Poble Sec platform on the days after night time activities, 
distinguishing each of the different activities carried out during the renewal works. 

 NIGHT (00-05:00) DAY (05-24:00) 

 Mean Median SD Max Mean Median SD Max 

Before works period (15-16/09) 26 21 16 67 74 71 19 176 

Addition of ballast 52 44 40 314 71 68 19 259 

Addition of ballast (with polymer) 42 28 37 317 76 74 15 134 

Track tamping 180 86 226 1221 78 72 31 781 

Track tamping (with polymer) 88 48 165 1074 90 85 21 192 
 

The progressive change in platform PM2.5 concentrations during the daytime after ballast 

night works is shown below in Table 19. Once again we see the familiar pattern of relatively 

increased dust levels in the first hour of the operational day becoming diluted as the day 

progresses. However this extra loading is less during those mornings after working with ballast 

coated with dust suppressant: compare the first three days without suppressant (57-64-93 µg m-3 

at 05:00-06:00) with those using suppressant (51-48-81 µg m-3). This suggests that the application 

of the polymer coating to ballast reduces levels of PM2.5 on the platform the following morning 

by 10-20% (in this case translating to reductions of 6-14 µg m-3).  

 

Table 19. Median PM2.5 concentrations (5-minute µg m-3 values) at the Poble Sec platform calculated for 
the 1, 4, 8 and 19 hours on the days after night tunnel works. 

 Median 

 05-06:00 05-09:00 05-13:00 05-24:00 

Before works period (15-16/09) 33 59 63 71 

20-sep (addition ballast) 57 (+24) 64 (+5) 71 (+8) 67 (--) 

21-sep (addition ballast) 64 (+31) 73 (+14) 74 (+11) 68 (--) 

22-sep (tamping) 93 (+60) 87 (+28) 78 (+15) 73 (+2) 

27-sep (tamping) 133 (+100) 85 (+26) 74 (+11) 69 (--) 

3-oct (addition ballast+polymer)  51 (+18) 64 (+5) 68 (+5) 73 (+2) 

4-oct (addition ballast+polymer) 48 (+15) 78 (+19) 90 (+27) 77 (+6) 

6-oct (tamping + polymer) 81 (+48) 95 (+36) 97 (+34) 85 (+14) 

After works period (7/10) 46 78 87 83 

 

The above-average levels of PM2.5 present on the platform during the 4th and 6th October is 

likely to be connected to the fact that at this time the city was being contaminated by a North 

African dust episode, with outdoor PM2.5 values ranging from 9 to 23 µg m-3 (Figure 27). 
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Figure 27. Daily time series of PM2.5 concentrations (µg m-3) at Poble Sec station and at the urban 
background ambient air site of Palau Reial in Barcelona during the whole sampling campaign indicating 
the different activities being carried out at the tunnel (see previous figures). Days when NAF episodes in 
the outdoor ambient air were recorded are also highlighted. 

 

Particle number concentrations show peaks related to the addition of ballast and tamping 

night activities (Figure 28) especially in the case of N1-2.5 and N2.5-10. The finest particles showed 

peaks more often related to passengers or cleaning daily activities in the platform. N1-2.5 peaks 

coincided with the addition of ballast untreated and all tamping activities, whereas higher 

concentrations of N2.5-10 were clearly associated with tamping work on untreated ballast (22nd and 

27th September). In contrast, Figure 28 shows very clearly how peaks of coarser (PM2.5-10) 

particles are suppressed by the polymer coating both during initial addition and later tamping. 

 

Figure 28. Time series of particle number concentrations at Poble Sec station during the whole sampling 
campaign indicating the different activities when tunnel night works were conducted. Green: ballast 
addition, red: track tamping. 
 

 

The density graphs of N0.3-10 concentrations for the three size ranges (0.3-1, 1-2.5 and 2.5-10 

µm) in Poble Sec reveal a curious increase in the N1-2.5 size category during the day after working 

with polymer coated ballast (Figure 29), an effect not noticed at night. The most important effect 

is seen when tamping activities were performed, both during the night hours (22 and 27 
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September) but also during the next daily hours in the case of treated ballast when N1-10 

concentrations were more than double (common N values between 2-3 times) compared to 

normal conditions.  

 

 

 

Figure 29. Density graphs of N0.3-10 concentrations on three size ranges (0.3-1, 1-2.5 and 2.5-10 µm) 

during the night works normalised to the conditions without works. 20-27/09 ballast with water; 3-6/10 

ballast with polymer dust suppressant. 
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 Tarragona 

The mechanical ventilation system utilized in this station during the subway working hours 

involves introducing outdoor air using fans (50 Hz) into the platform (impulsion) and removing 

indoor air back towards street level (extraction) through vertical shafts in the tunnel. During 

normal (weekday) night time hours there is no mechanical ventilation in the platforms and the 

fans in the tunnel are reversed to introduce outdoor air into the underground system. For this 

study, over a period of one week the normal ventilation conditions were changed from impulsion 

to extraction on the platform during daytime hours so that underground air was being removed 

ǎƛƳǳƭǘŀƴŜƻǳǎƭȅ ŦǊƻƳ ōƻǘƘ ǇƭŀǘŦƻǊƳ ŀƴŘ ǘǳƴƴŜƭ όά¢ƻǘŀƭ 9ȄǘǊŀŎǘƛƻƴέύΦ 5ǳǊƛƴƎ ǘƘŜ ƴƻƴ-operational 

night hours there was no ventilation operating on the platform (as normal), but in the tunnel the 

fans were maintained in extraction mode rather than reversing to the normal night time 

impulsion (Figure 30). The experiment was repeated in order to compare both warmer (June 

2015; Stronger Tunnel Ventilation: STV) and colder (March 2016; Weaker Tunnel Ventilation: 

WTV) conditions, as the forced ventilation in the tunnel operates at stronger levels during the 

summer heat (49 Hz versus 24 Hz in cooler seasons). 

 

 

Figure 30. Ventilation setting for platforms and tunnel in Tarragona station during the study. 

 

One immediate result that emerges from the data is that under standard ventilation 

conditions average PM2.5 concentrations are consistently and substantially (35%) higher when the 

fans are operating at reduced levels (Figure 31 and Table 20: compare platform impulsion in STV 

ŀƴŘ ƛƴ ²¢±Υ см ǾǎΦ фр ˃ƎϊƳҍо). Under experimental conditions, when platform ventilation was 

reversed from impulsion to extraction, air quality deteriorated sharply when the fans in the 

tunnel were operating at higher power (Table 20: compare 61 vs. ум ˃ƎϊƳҍо). There was no 

difference in PM levels produced by air flow reversal from impulsion to extraction when the fans 

in the tunnel were operating under cooler weather/weaker ventilation settings (Table 20: 95 to 

фс ˃ƎϊƳҍо). 
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Figure 31. Time series of 5-minute PM2.5 concentrations (µg m-3) at Tarragona station during strong (STV) 
and weaker (WTV) tunnel ventilation campaigns. Days when ventilation settings were different than the 
standard ones have been highlighted in grey. 

 

Table 20. PM2.5 concentrations (µg m-3) at the Tarragona platform during daytime on the days under 
standard ventilation settings and different ventilation setting (opposed flow direction). 

STRONGER VENTILATION NIGHT (00-05:00) DAY (05-24:00) 

 Mean Median SD Mean Median SD 

Standard ventilation 49 48 23 61 61 21 

Modified ventilation 59 60 27 81 78 25 

WEAKER VENTILATION NIGHT (00-05:00) DAY (05-24:00) 

Standard ventilation 50 54 23 95 82 18 

Modified ventilation 54 53 27 96 81 19 

 

The worsening of PM air quality produced by reversing platform ventilation fans from 

impulsion to extraction during operating hours while the tunnel fans are running at higher-power 

in summer is also revealed by the OPS data (Figure 32), and demonstrated by comparing the bar 

graphs a-d on Figure 33. This change in PM concentrations was not registered in the ambient PM 

concentrations measured outdoors during the same time period and is therefore attributed to 

the change in ventilation conditions (Figure 34). There was, however, evidence for infiltration of 

outdoor air, notably during two episodes of exceptionally high N0.3-1 concentrations were 

registered during the campaigns, on the night of San Juan, a bank holiday in Barcelona marked by 

the extensive use of fireworks in the city, and Good Friday night during the Easter vacation.  

The data on Figure 33 also allow comparison between operating hours (05:00ς24:00 = 

ά5!¸έύ ŀƴŘ ƴƻƴ-operating hours (00:00ςлрΥлл Ґ άbLDI¢έύ ōȅ ǎŜƭŜŎǘƛƴƎ ƻƴƭȅ ǿŜŜƪŘŀȅ Řŀǘŀ ŀƴŘ 

thus avoiding the confounding effects of the Barcelona Metro being open all night at weekends. 

The OPS data (particle number concentrations) indicate that the rise in PM due to the switch 
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from platform impulsion (PI) to extraction (PE) during operating hours with stronger ventilation in 

the tunnel is most marked in the finer particle sizes. Thus average numbŜǊǎ ƻŦ άŘŀȅǘƛƳŜέ 

submicron-sized number concentration rise by 45% as compared to only a 25% increase in 

coarser inhalable fractions (Figure 33bςd). Under conditions when the tunnel ventilation fans are 

operating with less intensity, only a slight increase in particle number across all size ranges is 

induced by switching from platform impulsion to extraction (Figure 33fςh). The increase in 

particle concentration could be observed immediately after the change of the ventilation 

conditions from impulsion to extraction and did not show a progressive increase with time. 

 

 
Figure 32. Time series of particle number concentrations at Tarragona station during the two sampling 
campaigns indicating the days with different ventilation protocols. 

 

²ƛǘƘ ǊŜƎŀǊŘ ǘƻ άƴƛƎƘǘ ǘƛƳŜέ ǾŀƭǳŜǎΣ ǿƘŜƴ ǘƘŜ ǇƭŀǘŦƻǊƳ ǾŜƴǘƛƭŀǘƛƻƴ ƛǎ ǎǿƛǘŎƘŜŘ ƻŦŦΣ ƘŜǊŜ ǘƘŜ 

enhanced tunnel ventilation air flow during the summer months has the effect of inhibiting 

gravitational settling and so maintaining high ambient PM and number particle concentrations in 

platform air, whether or not the tunnel fans are operating on impulsion or extraction (Figure 

33bςd). In striking contrast, when the night tunnel fans are working at lower power, both mass 

and numbers of inhalable PM on the platform drop by around half or more (Figure 33fςh), 

producing unusually clean conditions if allowed to remain undisturbed by, for example, night 

time maintenance works. Judging from the night time data from both PM mass and number 

concentration, whether or not the tunnel fans are set at impulsion or extraction has little 

observable effect on platform air quality when compared to the impact of increasing fan power 

and therefore air flow rate in either direction. 
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Figure 33. DustTrak (DT, PM2.5) and OPS (N0.3ς1, N1ς3, N3ς10) data for DAY (05:00ς24:00) and NIGHT (Non-
operating hours, no platform ventilation) periods during stronger and weaker ventilation (SV/WV). PI = 
Platform Impulsion; PE = Platform Extraction; TI = Tunnel Impulsion; TE = Tunnel Extraction. STV: 
Stronger Tunnel Ventilation (summer: 49 Hz); WTV: Weaker Tunnel Ventilation (colder season: 24 Hz). 

 

 
Figure 34. Daily time series of PM2.5 concentrations (µg m-3) at Tarragona station and at the urban 
background ambient air site of Palau Reial in Barcelona during the two campaigns indicating the days 
with the different ventilation protocol. Days when NAF and biomass burning episodes in the outdoor 
ambient air were recorded are also highlighted. 
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The effect of infiltration of outdoor ambient air in the platform of Tarragona station was again 

variable (Figure 34). Neither the NAF or biomass burning episodes officially recorded outside 

were detected on PM mass concentrations underground (although neither did they actually have 

much effect outdoors). However evidence infiltration of outdoor is provided by the impact of the 

San Juan firework fiesta, even though ventilation flow on that date had been modified to total 

extraction in both platform and tunnel. 

Particle number concentrations showed a clear increment on concentrations for all three size 

ranges when ventilation was changed to non-standard conditions during day time hours in STV 

settings, as shown in pink in Figure 35 where horizontal axe indicate the number concentration 

and the vertical the number of data points for each concentration. This effect was not seen 

during the night hours. However when ventilation power was weaker no effect was seen on N 

values for any of the particle sizes, neither during night or day hours. It is interesting to note that 

during the night, N distribution shows two different peaks in all particles sizes, probably related 

to two different particle sources that considering the timing should be linked to common 

maintenance works. 

 

0:00-5:00 h

5:00-0:00 h

STV

WTV0:00-5:00 h

5:00-0:00 h

Figure 35. Density graphs 
of average N0.3-10 
concentrations on three 
size ranges (0.3-1, 1-2.5, 
2.5-10 µm) in the station 
of Tarragona, under Strong 
Tunnel ventilation (STV) 
and Weaker Tunnel 
ventilation (WTV) 
conditions, separating 
night (0-5:00) and day (5-
24:00) hours. 
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 Collblanc 

The modern ventilation system installed at the new, deep station of the L9S at Collblanc under 

normal conditions during operational hours (05:00-24:00 h) involves platform air extraction fans 

operating at 30 Hz and two tunnel air impulsion fans operating at 37.5 Hz. At night (00:00-05:00 

h) the platform fans are turned off but tunnel impulsion continues. Air quality measurements 

were carried out on both platforms: in this station platforms are located one on top of the other, 

the lower one being the one in use by passengers (Figure 36). The primary aim of the campaign 

was to compare platform air quality under normal ventilation condition with what happens if the 

tunnels fans are shut off. Data were collected on the passenger in-use platform for five weeks 

(11th May to 27th June 2016). During the first, third and fifth weeks ventilation conditions were 

operating as normal, with platform extraction and tunnel impulsion. During the second and 

fourth weeks the tunnel ventilation was shut down completely while platform ventilation 

remained operating as normal. From 27th June to 11th July 2016, instruments were moved to the 

out-of-service platform located immediately above, to compare platform air quality in the 

absence of regular passenger movement but with occasional maintenance transport.  

 

 

Figure 36. Sketch of the tunnel (left) and platform (right) design in Collblanc station. Figure by Vinals 
(Own work) [CC BY-SA 3.0 (http://creativecommons.org/licenses/by-sa/3.0) or GFDL 
(http://www.gnu.org/copyleft/fdl.html)], via Wikimedia Commons. 
 

Comparisons between the two different ventilation settings during metro operating (05:00-

24:00 h) and non-operating (00:00-05:00 h) hours are presented in Table 21, and Figure 37 shows 

the time series of PM2.5 concentrations during the campaign at Collblanc station. During both 

intervals concentrations were significantly higher when the tunnel ventilation was not working, 

this being especially notable during operating hours. Mean differences during operating hours 

were more than double for PM2.5 (22 vs 43 and 26 vs 61 µg m-3 for night and daytime hours 

respectively) concentrations. The transient peaks of PM2.5 concentrations that can be observed 

on Figure 37 were mostly recorded at night and likely to be related to maintenance and cleaning 

activities in the tunnels. PM2.5 concentrations measured in the out of service platform of 

Collblanc station, located on the upper floor, showed similar daytime concentrations to those 

reported in the in use platform during operating hours under normal ventilation conditions 

(Table 21), although in this case higher peak concentrations were registered (up to 651 µg m-3, 5-

min. value) probably related to the passing of maintenance trains. A clear difference, however, 

was that the upper platform had higher average PM levels at night (32 vs 22 µg m-3). 
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Table 21. PM2.5 concentrations (µg m-3) on the Collblanc platforms. 

 NIGHT (00-05:00) DAY (05-24:00) 

 Mean Median SD Max Mean Median SD Max 

Normal ventilation (operational platform) 22 17 17 157 26 22 16 290 

Tunnel ventilation off 43 38 30 297 61 59 15 127 

Normal ventilation (non-operational platform). 32 26 35 502 28 26 19 651 

 

 

Figure 37. Time series of PM2.5 concentrations (µg m-3) at Collblanc station a) from 11th May to 27th June 
2016 operational platform (periods without ventilation at tunnel are highlighted in grey); b) from 27th of 
June to 11th of July in the non-operational platform. 

 

Number concentrations of particles in 3 sizes are shown in Figure 38 which reveals how N 

values on the platform increased from the moment the tunnel ventilation is shut down, and 

quickly return to normal background levels when the impulsion fans are turned on again (Figure 

38a). Individual particle number concentration peaks were registered along the campaign mostly 

during operational hours (differently from coarser PM mass concentrations that were registered 

during the night)Σ ǘƘŜ Ƴƻǎǘ ǇǊƻƳƛƴŜƴǘ ƻŦ ǿƘƛŎƘ ƛǎ ǘƘŜ ǇŜŀƪ ƳŜŀǎǳǊŜŘ ƻƴ ǘƘŜ άŦƛǊŜǿƻǊƪ ƴƛƎƘǘέ ƻŦ 

the 24th of June, when N0.3-1 reached values of 9337 # cm-3. Another event of high N0.3-1 values was 

registered on the 28th of May and coincided with a sulphate concentration of more than 5 µg m-3 

in the ambient outdoor PM2.5. This will be discussed in the section dealing with the chemistry of 

the filters. In the case of the non-operational platform N values were generally very low 

compared to the lower platform (note the different scale in Figure 38b and a). In this case 

isolated peaks for all three particle sizes at the same time were recorded and related to the pass 

of maintenance vehicles or activities in the platform such as regular cleaning.  
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Figure 38. Time series of particle number concentrations at Collblanc station a) operational platform 
(periods without tunnel ventilation are highlighted in grey); b) non-operational platform. 

 

Figure 39 presents bar plots for the first two weeks of the experiment (when OPS data were 

available) and offers further insight into the distribution of ambient PM. Under normal 

ventilation conditions on the Collblanc platform the numbers of particulates are exceptionally 

low across each of the three size groupings (N0.3ς1/1ς2.5/2.5ς10 = 319/12/2) when compared to, for 

example, conditions previously measured at Tarragona station (N0.3ς1/1ς2.5/2.5ς10 = 1293/68/8). 

When tunnel ventilation is shut down the finest PM sizes over double in number whereas the 

coarser inhalable particles rise four- or fivefold (N0.3ς1/1ς2.5/2.5ς10 = 658/67/9). This preferential 

increase in the coarser PM sizes has the effect of bringing PM1ς10 ƴǳƳōŜǊǎ ǳǇ ǘƻ ά¢ŀǊǊŀƎƻƴŀέ 

levels (i.e. those more typical of the older lines not fitted with platform screen doors), whereas 

the numbers of finest particles (N0.3ς1) at Collblanc still remain relatively low.  

 

 
Figure 39. DustTrak (DT) and OPS data in Collblanc station with tunnel ventilation (TV) on and off. 
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The density graphs of N concentrations also shows this increment of particle number 

concentrations for all three sizes ranges when tunnel ventilation in shut down (Figure 40), this is 

registered during the night hours but is even more clear during the day time. When comparing 

the two different platforms when tunnel ventilation was on values are very similar in both of 

them during the night time, but higher during the day in the operational platform as expected 

(see how the pink area covers a wider and larger range of N values.  

 

 
 

Figure 40. Density graphs of average N0.3-10 concentrations on three size ranges (0.3-1, 1-2.5 and 2.5-10 

µm) during the change on ventilation protocols in the station of Collblanc, under Tunnel Ventilation (TV) 

on and off conditions, separating night (0-5:00) and day (5-24:00) hours. Bottom diagram shows the N 

values for the operational (pink) and non-operational (grey) platforms. 
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The infiltration of outdoor ambient air was much clearer when the tunnel ventilation was on 

(areas not shaded in Figure 41) when a similar pattern on PM2.5 concentrations was observed in 

both outdoor and platform air even when the platform is 60 m deep, testifying not only to the 

strength of the ventilation system but also to the infiltration of tunnel air into the platform even 

in the presence of platform screen doors.  

 
Figure 41. Daily time series of PM2.5 concentrations (µg m-3) at Collblanc station and at the urban 
background ambient air site of Palau Reial in Barcelona during the sampling campaign in the operational 
platform indicating in grey the days with the tunnel ventilation off. Days when NAF and sulphate 
episodes in the outdoor ambient air were recorded are also highlighted. 

 

Our experiment at Collblanc clearly demonstrates the importance of a strong tunnel fan 

system in reducing contamination of tunnel and platform air by subway FePM. The impact of 

these fans on platform air quality is perhaps surprising considering the presence of brand new 

full-length platform screen doors which might be expected strongly to inhibit air exchange 

between platform and tunnel. However, recently published work has already indicated that such 

PSD systems do not prevent contamination of the platform by tunnel air (Martins et al., 2015; 

Kwon et al., 2016). Our data strongly reinforce this conclusion and further demonstrate that with 

platform fans operating on extraction such a PSD system will not stop inhalable PM levels from 

doubling or even (for the coarser sizes resuspended by the strong train piston effect) quadrupling 

if the tunnel fans are shut down. 
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 Tarragona/Palau Reial (air purifiers) 

5ǳǊƛƴƎ ǘƘŜ Latwh±9 ƳƻƴƛǘƻǊƛƴƎ ŎŀƳǇŀƛƎƴǎ ǘƘŜ ƻǇǇƻǊǘǳƴƛǘȅ ŀǊƻǎŜ ǘƻ ǘŜǎǘ ǘǿƻ ŘƛŦŦŜǊŜƴǘ άǎǘŀǘŜ-of-

the-ŀǊǘέ ŀƛǊ ǇǳǊƛŦƛŜǊǎ ό! ŀƴŘ .ύ ŎǳǊǊŜƴǘƭȅ ƛƴ ǘƘŜƛǊ ǊŜǎŜŀǊŎƘ ŀƴŘ ŘŜǾŜƭƻǇƳŜƴǘ ǇƘŀǎŜΦ ¢ƘŜ ǘǿƻ 

machines were tested on the platforms of Tarragona and Palau Reial in L3 in order to observe any 

effect on PM2.5 concentrations on the platform.  

Purifier A is a set of six commercial air recirculation/filtration units. Each unit (60 x 73 x 55 

cm, 178 W of Power and 1.1 A) is equipped with a pre-filtration F7 (certificate EN 779: 2012) 

ŎƻƳǇǊƛǎƛƴƎ Ǝƭŀǎǎ ƳƛŎǊƻŦƛōŜǊ ŦƻǊ ǇŀǊǘƛŎƭŜǎ ǿƛǘƘ ŀ ŘƛŀƳŜǘŜǊ ƎǊŜŀǘŜǊ ǘƘŀƴ лΦн ˃Ƴ ŀƴŘ ŀ I9t! ŦƛƭǘŜǊ 

H14 (certificate EN 1822: 2010) also of glass microfiber, with a supposed > 99.9% efficiency for 

particles with a diameter between 0.1 and 0.3 micrometres. The internal recirculation / filtration 

flow is regulated with a potentiometer from 0 to 660 m3 h-1 for each unit. Purifier B is still under 

research development and data on its construction are not available.  

Maintaining the air quality measuring equipment always at the end of the platform, in the 

case of Tarragona platform the air purifier A was located at two different places along the 

platform, namely next to the monitoring equipment and in the middle of the platform 45 m 

away, to gain some perspective on the influence of distance on the effectiveness of the purifier. 

¢ƘŜ ōŜǎǘ ǊŜǎǳƭǘ ƛƴ ǘŜǊƳǎ ƻŦ ŀƛǊ ǉǳŀƭƛǘȅ ƛƳǇǊƻǾŜƳŜƴǘ ƻŎŎǳǊǊŜŘ ŘǳǊƛƴƎ ƻǇŜǊŀǘƛƻƴŀƭ ƘƻǳǊǎ όά5ŀȅέ ƻƴ 

Table 22) when PM2.5 concentrations at the end of the platform fell by 31% (61 versus 88 µg m-3) 

when the purifier was placed close to the equipment (Figure 42). With the purifier in the middle 

of the platform however average PM fell by only around 10% (83 versus 94 µg m-3) and with a 

high standard deviation and median values actually increasing, making the result uncertain (Table 

22; Figure 42). Interestingly, the daytime fall in PM levels adjacent to the purifier were not seen 

at night, when the results were more variable and generally inconclusive, suggesting the purifier 

functions effectively only in the active air flow of train operational conditions 

 

Table 22. PM2.5 concentrations (µg m-3) at the Tarragona platform on the days using the air purifiers A 
(top) and B (bottom) in the platform. 

AIR PURIFIER A NIGHT (00-05:00) DAY (05-24:00) 

 Mean Median SD Max Mean Median SD Max 

Previous conditions without purifier (10/3/16) 45 38 26 176 88 92 17 125 

Air purifier at end of platform (next to equipments) 49 42 29 240 61 60 16 148 

Next week without air purifier 53 64 21 125 83 82 18 154 

Previous conditions without purifier (25/4/16) 70 59 43 253 94 92 15 135 

Air purifier at middle of platform (45 m away) 53 49 24 141 84 86 22 194 

Next week without air purifier 58 56 25 141 91 92 20 172 

 

AIR PURIFIER B NIGHT (00-05:00) DAY (05-24:00) 

 Mean Median SD Max Mean Median SD Max 

Previous conditions without purifier 49 44 23 193 84 85 20 258 

Air purifier at end of platform (next to equipments) 56 49 26 181 122 118 35 317 

Next week without air purifier 66 59 30 253 91 92 23 193 
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In the case of purifier B a design problem in the prototype revealed itself when the filter 

used to retain particles started to break down during the campaign due to too strong air flow, 

resulting in the emission of particles coming from the partial disintegration of the materials. This 

produced a corresponding increment from 84 to 122 µg m-3 in PM2.5 concentrations during the 

day, and 49 to 56 µg m-3 during the night (Table 22). 

 

 

Figure 42. Time series of PM2.5 concentrations (µg m-3) at Tarragona station on the days using air purifiers 
A and B at the end of the platform compared to days without them. 
 

Figure 43 compares particle number concentrations with the purifier next to the monitoring 

equipment (in grey) working and when it was not in operation. It can be seen that with the two 

equipments side by side all three size ranges in particles are successfully reduced. The density 

graphs for N concentration shown in Figure 44 also present similar results. Although there is no 

clear effect during the night hours, it can be seen during the day that all 3 particle size 

concentrations were lower (grey shadow area) when the purifier A was functioning next to the 

monitoring equipment. 

 

 

Figure 43. Time series of particle number concentrations at Tarragona station (period when air purifier A 
was operating next to the monitoring equipment are highlighted in grey). 
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Figure 44. Density graphs of average N0.3-10 concentrations on three size ranges (0.3-1, 1-2.5 and 2.5-10 
µm) during the time when the air purifier A was located at the end of the platform and before, 
separating night (0-5:00) and day (5-24:00) hours.  

 

Figure 45 allows comparison to be made between the patterns of PM2.5 levels recorded 

within Tarragona subway station and those at the outdoor background station for Barcelona 

during the platform purifier experiment. It is clear from these data that Tarragona is one of those 

stations with little correspondence between outdoor and indoor air. The difference is especially 

noticeable when Purifier A was sited at end-platform and substantially reducing PM levels, but it 

is also clear during times when the purifiers were not operating, for example around the 25th 

March. 

 

 
Figure 45. Hourly PM2.5 concentrations on the outdoor ambient air during the measuring campaign in 
Tarragona showing that levels did not follow the same pattern as in the station (Figure 42) when the 
purifiers were operating. 
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In Palau Reial same two air purifiers (including a new version of purifier B) were located at the 

end of the platform during different periods and always adjacent to the monitoring equipment. 

In this experiment both types of machine reduced PM2.5 levels during the night, although purifier 

A achieved reductions of 38% (23 µg m-3) whereas purifier B managed 18% (9 µg m-3, Table 23 

and Figure 46) which, with a high standard deviation, makes the latter result inconclusive. 

Daytime data were similarly inconclusive, with apparent average reductions of 10-20% 

accompanied by much daily variation and high SD values (Table 23). However, this is not to say 

that these machines were not having an effect because during the period that the purifier A was 

being used simultaneous measurements were carried out at the following station in L3 (Maria 

Cristina) to test if any particle concentration trend could also be recognised one station down the 

line and was therefore unrelated to the purifier. Figure 47 shows the PM2.5 concentrations 

measured simultaneously at both platforms and demonstrates a difference between the two 

stations when purifier A was operating (note the enhanced separation of red and blue curves on 

this figure). Thus any beneficial effect deriving from the purifier is obscured by the high level of 

Řŀǘŀ άƴƻƛǎŜέ ƻƴ tŀƭŀǳ wŜƛŀƭ ǇƭŀǘŦƻǊƳ ŘǳǊƛƴƎ ǘƘŜ ƻǇŜǊŀǘƛƻƴŀƭ ŘŀȅΦ ¢Ƙƛǎ ƛǎ ŦǳǊǘƘŜǊ ŘƛǎŎǳǎǎŜŘ ƛƴ ǘƘŜ 

section dealing with the chemical data for this campaign. 

 

Table 23. PM2.5 concentrations (µg m-3) at the Palau Reial platform on the days using air purifiers A and B 
at the end of the platform compared to days without them. 

 NIGHT (00-05:00) DAY (05-24:00) 

 Mean Median SD Max Mean Median SD Max 

Previous conditions without purifier (15/10/16) 60 60 5 73 50 49 11 83 

With air purifier A 37 37 7 56 44 43 7 74 

Previous conditions without purifier (1/11/16) 50 47 5 67 65 63 12 103 

With air purifier B 41 41 9 88 54 54 11 96 

 

 

Figure 46. Time series of PM2.5 concentrations (µg m-3) at Palau Reial station on the days using air 
purifiers A and B at the end of the platform compared to days without them. 
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Figure 47. Daily time series of PM2.5 concentrations (µg m-3) at Palau Reial and Maria Cristina platforms 
during the sampling campaign indicating in grey the days when the air purifier A was operational in 
Palau Reial. 

 

Outdoor and indoor levels at Palau Reial during the air purifier experiments are compared in 

Figure 48 and demonstrate great variation. General trends, such as rise in levels between the two 

purifier episodes, indicate some similarity, but there is much noise. This is not surprising, given 

the difference between conditions in the urban background station and those at Palau Reial 

metro station which is immediately adjacent to the multilane Diagonal highway. 

 

 

Figure 48. Hourly PM2.5 concentrations on the outdoor ambient air during the measuring campaign in 
Palau Reial. 
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 Measurements inside trains and the effect of air conditioning. 

Data on PM2.5 concentrations provided by DustTrak monitors were obtained in an intermediate 

driver cabins. These cabins are not in use, so they were chosen as a compromise between 

meeting conditions for uninterrupted continuous measurement and not obstructing the 

commuters or driver during normal activity. The selected rolling stock form part of the old fleet 

ƻŦ [о όоллл ǎŜǊƛŜǎύ ǿƘƛŎƘ ŎƻƳǇǊƛǎŜ ǘǿƻ ǘǊŀƛƴǎ ŀǘǘŀŎƘŜŘΣ ǎƻ ǘƘŀǘ ŀƴ ŜƳǇǘȅ όάƛƴǘŜǊƳŜŘƛŀǘŜέύ ŘǊƛǾŜǊ 

cabin lies in the centre of the train. PM2.5 levels were simultaneously measured in a passenger 

carriage during four 20ς30 min trips, also using a DustTrak monitor. The linear correlation 

between PM2.5 levels measured in the intermediate driver cabin and in the passenger carriage 

shows a coefficient (R2) of 0.70 and a slope of 0.76, confirming that air inside these cabins is 

indeed representative of the passengers' exposure as they have the same ventilation system as 

the rest of the carriage.  

The A/C filters are normally regularly replaced every month according to current 

manufacturer protocol. Measurements in the train started when all air conditioner filters were 

replaced. Filters were changed again after one month (following the established TMB protocol) 

but then were left in place in order to evaluate any effects on air quality by doubling the service 

life of filters from one to two months. To test the reproducibility of the results, a second 

campaign was carried out in a different train of L3. In this case air conditioner filters in the 

selected train had been changed one month before the beginning of the sampling campaign, and 

were not replaced again for the whole campaign, allowing us to observe air quality up to three 

months after filter replacement. 

As has been demonstrated in previous publications, the use of air conditioning inside 

subway train carriages results in a clear drop in PM concentrations inside the train carriages, 

especially with regard to coarser inhalable particles (Chan et al., 2002; Querol et al., 2012; 

Martins et al., 2015). This was further confirmed during our A/C filter experiment, with the 

DustTrak equipment located inside the train registering mean PM2.5 ƭŜǾŜƭǎ ƻŦ ос ҕ мо ˃ƎϊƳҍо 

during subway operation hours, this being 30ς50% lower than those recorded on platforms of L3 

stations during the same period (a high linear correlation, R2 = 0.70, was observed between daily 

levels recorded inside the train and those simultaneously measured at platforms of L3 stations). 

Table 24 shows average weekly PM2.5 levels across the 3 month monitoring period (measured in 

three different periods). ta ƭŜǾŜƭǎ ǿŜǊŜ ƘƛƎƘŜǎǘ όҔпл ˃ƎϊƳҍо) in the first weeks of the campaign 

(early to mid-WǳƭȅύΣ ŘŜŎǊŜŀǎƛƴƎ ǘƻ ōŜƭƻǿ ор ˃ƎϊƳҍо possibly influenced by Barcelona entering its 

ǎǳƳƳŜǊ ƘƻƭƛŘŀȅ ǇŜǊƛƻŘ ǿƘŜƴ ǘƘŜ ƴǳƳōŜǊ ƻŦ ǘǊŀƛƴǎ ƻƴ ǘƘŜ [о ǘǊŀƛƴ ŘŜŎǊŜŀǎŜŘΦ ! ǎƛƳƛƭŀǊ άǿŜekend 

ŜŦŦŜŎǘέ ŘŜŎǊŜŀǎŜ ƻŦ ǳǇ ǘƻ нл҈ ƻƴ ǿŜŜƪŘŀȅ ƭŜǾŜƭǎ ǿŀǎ ŀƭǎƻ ƻōǎŜǊǾŜŘΣ ǇǊŜǎǳƳŀōƭȅ ŦƻǊ ǘƘŜ ǎŀƳŜ 

underlying reason. The most important observation arising from collecting these data, however, 

is the fact that PM2.5 concentrations appear unaffected by the same filter being used for over 90 

days. Although current protocols operate on the understanding that these filters need to be 

replaced monthly, our results indicate that (at least in terms of air quality measured in inorganic 

particle mass) there is no obvious need for such frequent replacement, offering the possibility of 

considerable cost savings. 
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Table 24. Mean concentrations of PM2.5 (µg m-3) measured inside a train across three monitoring periods 
with the same A/C filter.  

Weeks after changing AC filter  1 2 3 4 5 6 7 8 9 10 11 12 13 

Train 1 (1 month) 40 47 43 43          

Train 2 (2 months) 41 41 40 36 31 38 33 32 30     

Train 3 (3 months)    46 43 35 33 31 32 31 35 34 35 

 

 Brake emissions 

Four different types of brakes (B1-B4) are used by the subway trains in Barcelona. Of them B1 

and B4 are used in all (100%) trains of lines 2, 9 and 10 (B1) and line 5 (100% B4). Brakes 3 and 4 

are used in some of the trains of lines 3 (80% B3) and 4 (62% B2). The stations considered for the 

study on the effect of the brake composition in the platform PM2.5 chemical composition are 

shown in Table 25.    

Table 25. Subway stations considered for this study indicating PM2.5 average gravimetric (filter) 

concentrations (µg m-3) and types of brakes of trains running through the station. 

Station (Line) Brake PM2.5 

Santa Coloma (L1) 71% B3; 29% B4 65* 

Tetuan (L2) 100% B1 93* 

Palau Reial (L3) 80% B3; 20% B4 87 

Maria Cristina (L3) 80% B3; 20% B4 80 

Tarragona (L3) 80% B3; 20% B4 61-95 

Joanic (L4) 38% B1; 62% B2 70* 

Sagrera (L5) 100% B4 37 

Sant Ildefons (L5) 100% B4 42 

Collblanc (L9) 100% B4 26 

Llefia (L10) 100% B4 32* 

 

*own data from previous studies when no night works were carried out (Martins et al., 2016). 

 

The chemical composition of each brake pad is shown ƛƴ ǘƘŜ ƴŜȄǘ ǎŜŎǘƛƻƴ ƻƴ ά/ƘŜƳƛŎŀƭ 

ŎƻƳǇƻǎƛǘƛƻƴ ƻŦ ǎǳōǿŀȅ ŎƻƳǇƻƴŜƴǘǎέΦ  
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 Summary 

 

¶ Average PM2.5 levels in the nine stations during the working day ranged from 26 to 95 µg 

m-3, with higher values being recorded in the platforms of stations from L3 (95 µg m-3 in 

Tarragona, and 87 µg m-3 in Palau Reial) and lower in the station of L9S with PSDs (26 µg 

m-3 in Collblanc). 

¶ Night maintenance works typically produced an increase in PM2.5, which in extreme cases 

can reach > 1000 µg m-3 (5-minute value) when adding new ballast, > 900 µg m-3 when 

doing welding operations or > 800 µg m-3 when heavy vehicles transporting material pass 

the station. Such increases are transient, rarely last more than 2 hours.  

¶ Changes in the direction flow of the ventilation produced on average an increase in 

daytime of PM2.5 concentrations of up to 19% when fans in the tunnel were operating at 

higher power. 

¶ Turning tunnel ventilation off produced an increase of around 60% on PM2.5 

concentrations during daytime. 

¶ The use of air purifiers in the platform reduced PM2.5 concentrations up to 27% during 

daytime in the proximity of the equipment. 
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3.2. Chemical composition of airborne particles in the subway 
 

This section firstly reports on the chemistry of the different subway materials potentially 

responsible for contributing to ambient PM, namely the train wheels, brakes, brushes and 

pantographs, the catenary system, rails and ballast. This is followed by an analysis of the 

chemistry of fine particulates (PM2.5) breathed on the subway platforms at 10 different stations 

on 7 different lines within the Barcelona metro system. Finally the key elements that comprise 

ǘƘŜ ŎƘŜƳƛŎŀƭƭȅ ŘƛǎǘƛƴŎǘ άǎǳōǿŀȅ taέ ƳƛȄ ǇǊƻŘǳŎŜŘ ǿƛǘƘƛƴ ǘƘŜ underground system are each 

investigated to reveal how the various subway materials contribute to the aerosol loading of 

inhalable platform particles. 

 Chemistry of subway components 

The chemical compositions of different subway components likely to contribute to the ambient 

inhalable airborne aerosol burden are presented in Table 26, which provides a detailed listing of 

the chemistry of ballast, catenary, electric brushes, three types of pantograph, four different 

types of brake (one of them having two different parts namely Brake3d-dark component, and 

Brake3r-red component), two different types of rail and five different types of wheel. Figure 49 

and 50 show a comparison of the different chemical composition of these subway components 

using linear and logarithmic scales, respectively. These chemical compositions provide a proxy for 

the chemical composition of the emissions generated by these components and can be used as a 

background database when investigating the sources of the subway ambient PM2.5. 

The ballast used in the Barcelona subway system is a grey granite, and therefore is mostly 

composed of Si and Al, followed by Fe, K, Ca, Na, Mg and Ti (Table 26). Not all stations use ballast 

to hold the rail tracks which in some cases are instead laid on concrete, the composition of which 

is rich in calcium carbonate. Both ballast and concrete have different properties: while ballast 

needs more frequent replacement it is less noisy than concrete when trains circulate. The erosion 

of ballast pieces and especially their renewal can produce significant resuspension and emission 

of mineral dust. Comparing ballast rock chemistry with the metallic subway components listed on 

Table 26 it can be seen that ballast can be expected to contribute much of the Al, Ca, K, Na, Li and 

Rb found in dust generated underground in the subway environment. 

 

 

Image from a video showing the activities carried out in IMPROVE LIFE project (http://improve -life.eu) 

http://improve-life.eu/
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Figure 49. Chemical composition in ppm of ballast, 3 types of pantographs, 4 types of brakes and the 
detail of 2 different parts of Brake3, dark (Brake3d) and red (Brake3r). 
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Figure 50. Chemical composition in ppm using logarithmic scale to see differences on very low 
concentrations of ballast, three types of pantographs (Pant1, Pant2 and Pant3), four types of brakes 
(Brake 1 to Brake4) and the detail of two different parts of Brake3, dark (Brake3d) and red (Brake3r). 
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Table 26. Chemical composition of ballast, catenary, electric brush, graphite pantographs, brakes, rails and wheels. 

 

Ballast Catenary Brush Pant. 1 Pant. 2 Pant. 3 Brake1 Brake2 Brake3 Brake3d Brake3r Brake4 Rail1 Rail2 Wheel0 Wheel1 Wheel2 Wheel3 Wheel4 Wheel5 

% 
C <0.1 <0.1 95.40 35.00 78.66 70.13 25.33 28.51 38.71 43.00 24.50 27.36 0.70 0.80 0.50 0.48 0.49 0.49 0.48 0.48 
H 0.12 <0.1 <0.1 0.10 <0.1 0.11 2.43 2.49 2.45 2.50 2.40 2.49 0.00019 0.00014 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
N <0.05 <0.1 <0.1 0.30 0.47 0.51 0.30 0.30 0.85 0.70 1.35 0.24 0.00395 0.00490 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
Determ. 20 96 96 42 100 91 86 98 62 64 55 86 100 100 100 100 100 100 100 100 

ppm 
Al 83008 <0.1 0.03 

 
719 

 
816 544 26116 19841 41270 10346 11 15 0.05      

Ba 591 10 28 7 85 136 17199 14206 32988 47918 5374 373   0.10      
Ca 23491 <0.1 0 1318 1207 1026 24216 22013 38472 28571 63929 55577   0.05      
Cu 35 950000 1000 66056 197104 197852 77766 112119 124 49 53 212 170 160 1000 70 1960 1410 280 400 
Fe 29705 9000 3000 277 1353 529 333500 369480 19119 10500 41650 422672 979730 979595 980000 983570 981840 982500 984130 984770 
K 29221 <0.1 <0.1 

   
83  2549 2074 2904    <0.1      

Mg 9783 <0.1 <0.1 
 

272 
 

23377 20377 47579 31200 90000 10385   <0.1      
Na 21952 

   
1064 

 
265 304 4454 3339 7419 1863         

P 589 <0.1 <0.1 
   

873  437 437 655  165 150 <0.1      
S 163 <0.1 <0.1 1970 3178 2848 26442 22234 15506 18200 7200 19393 99 110 <0.1      
Li 28 

     
<0.01  9 10 9 1.4         

Be 2.0 
     

<0.01  1.1 0.9 1.5          
Sc 8 

     
<0.01  4 4 9 0.7         

Ti 2716 53 28 18 43 13 36 15 1937 1500 3000 625 13 30 10      
V 61 17 1 65 18 174 4 3 42 38 68 32 10 15 15 20 20 20 10 20 
Cr 76 131 22 1.0 18 6 159 138 98 77 170 171 175 300 1173 2300 2210 2130 2430 2200 
Mn 646 40 1 4 16 6 2615 1793 672 775 1549 3326 10750 11300 7000 7400 7250 7290 7540 7300 
Co 5 1 <0.1 1.4 1 4 17 12 9 10 7 10 <0.1  80      
Ni 39 54 9 67 20 193 103 169 18 11 25 51 181 210 782 1400 1270 1250 340 400 
Zn 61 102 115 6 122 33 67279 95462 10161 11649 5624 32922   6      
As 2.1 2.9 <0.1 

 
3 1.1 29 22 3 1.7 1.8 16.3   51      

Se 
 

1.3 <0.1 1.5 1.4 
 

1.9 3 0.8 2.8 1.3 2.3   <0.1      
Rb 112 

     
1.0  9 9 9 2         

Sr 160 4 1.7 3 5 5 306 288 1210 548 381 67   <0.1      
Zr 35 1.2 <0.1 1.0 1.1 

 
0.8  52 54 69 19   <0.1      

Nb 10 0.9 <0.1 
   

0.3  13 8 22 4 10 10 11      
Mo 7 2.9 2.4 1.0 5 4 65 34 521 728 68 2629 10 10 451 440 550 500 470 110 
Cd 

      
1.1 4 0.6 0.9 0.2 2.5         

Sn 3 0.9 15 2.0 3 3 10 30 16 15 29 130 10 20 95      
Sb 

 
12 5 

 
30 6 3879 1947 30 26 69 15 10 25 24      

La 20 
     

1.2  10 10 17 3         
Ce 43 

     
1.1  20 18 36 6         

Nd 22 
     

<0.01  10 8 16 3         
Hf 1.2 

     
<0.01  1.2 1.1 1.4          

W 39 1.8 1.6 
   

<0.01  1.7 1.2 1.4 7   91      
Pb 17 2.4 4.2 7 9 13 453 3407 7 5 11 20   <0.1      
Bi 

      
0.8 9 19 13 5 5         

Th 10 
     

<0.01  2.2 2.1 4 0.8         
U 3 

     
<0.01  0.9 0.9 1.2          
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The catenary is the system of overhead wires (107 mm2) that supply electric power to the 

subway trains, and is made almost entirely of Cu (Table 26). The power is transmitted to the train 

through the pantograph that connects with the catenary. In the Barcelona subway system there are 

three types of pantographs in use, those made of Cu (only present in 30% of L4) and those of 

graphite. Two of the graphitic pantograph types contain 70-80% C and nearly 200,000 ppm Cu (types 

2 and 3: Table 26) whereas the other type has only 35% C and 66,000 ppm Cu (type 1). The 

pantographs also contain small amounts of other elements most of which are present in much higher 

concentrations in all types of brakes (see below), with the exception in some cases of V, Ni, Al and Na 

(Table 26). In summary, comparing the component chemistries on Table 26 it can be deduced that 

pantographs are potentially important contributors of C and Cu (and in some cases possibly V) to 

airborne particles in subway air. In the Barcelona metro, pantograph 1 is the dominant type used in 

L1 (71%) and L3 (80%), and is to a much lesser extent also employed in L4 (33%). Pantograph 2 is 

used in L2 (100%) and L4 (37%), and pantograph 3 is found in L1 (29%), L3 (20%) and in all trains on 

lines 5, 9, and 10 (Table 27). 

 

Image from a video showing the activities carried out in IMPROVE LIFE project (http://improve -life.eu) 

 

Table 27. Distribution (%) of the 3 different types of graphite pantographs (Table 26) used in the different 
lines (L1-L11) in the Barcelona subway system. 

 L1 L2 L3 L4 L5 L9 L10 L11 

Pantograph Cu    33     

Pantograph graphite 1 71  80 33    100 

Pantograph graphite 2  100  34  100 100  

Pantograph graphite 3 29  20  100    

 

Wear particles from electric brushes can be present in the subway air and are also made of 

graphite (95% C) with traces of Cu and Fe and other metals such as Cr, Zn and Sn. In Barcelona only 

80% of subway trains in L3 and 71% of trains in L1 are equipped with these brushes, which can be 

expected to contribute to the carbonaceous component present in subway aerosols.  

Four different types of brake pads are used in the Barcelona subway, including both lateral and 

frontal mechanisms from braking, they show considerable variations in their major and trace 

http://improve-life.eu/
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element chemistries (Table 26). All brake types are carbon-rich (>25%C) with brake 3 being the most 

carbonaceous at 39%C, mostly concentrated in the dark material forming this brake (Table 26). Brake 

3 (B3) is also especially enriched in Ba (33,000 ppm), although there are also high levels of this 

element in B1 (17,000 ppm) and B2 (14,000 ppm). Brakes 1, 2 and 4 are all ferruginous (33-43% Fe) 

but have different trace element signatures. Both B1 and B2 are enriched in Cu (8-11%), Zn (6-10%), 

Sb (2-4%) and S (2-3%), whereas B3 is relatively high in Al (3%), Ca (4%), Mg (5%), Na (0.4%), Sr (1,210 

ppm), V (42 ppm), and Bi (19 ppm), and B4 has the highest levels of Ca (5.5%), Mn (3,326 ppm), Mo, 

(2,629 ppm), Cr (171 ppm) and Sn (130 ppm). Taken together, brake pad wear can be expected to 

contribute significant quantities of Fe, C, Ba, Cu, Zn, Ca, Mg, S, Mn, Sr, Mo, and Sb to Barcelona 

subway air. The use of the different brake types across the whole metro system is is shown on Table 

28.  

 

Table 28. Distribution (%) of the 4 different types of brake pads (Table 26) used in the different lines (L1-L11) 

in the Barcelona subway system. 

 L1 L2 L3 L4 L5 L9 L10 L11 

Brake 1  100  38  100 100  

Brake 2    62    100 

Brake 3 71  80      

Brake 4 29  20  100    

 

Two types of rail track ŀǊŜ ǳǎŜŘ ƛƴ ǘƘƛǎ ǎǳōǿŀȅ ǎȅǎǘŜƳ ǿƛǘƘ άwŀƛƭ мέ ό¦L/рпύ ōŜƛƴƎ ǇǊŜŘƻƳƛƴŀƴǘ 

(Rail 2 -54HSM-is only used in L11, which represent <3% of the rail system). In any case their 

composition is very similar with 98.8% Fe and 1.1% Mn. Finally the five different wheels use by the 

Barcelona subway trains have almost identical composition, and similarly to the rails are made of Fe 

(99%) and Mn (0.7%) with small traces of Cu, Cr and Ni (Table 26). 

Close analysis of particles emitted by these subway pieces under scanning and transmission 

electron microscope (SEM and TEM respectively) have shown them to be very heterogeneous 

compositionally (Figure 51), with clear areas enriched in specific elements, many of them being brake 

flakes, namely slices of oxidised ferruginous and carbonaceous material dissociated from brake pads. 
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Figure 51. TEM elemental mapping of Barcelona subway PM10 samples showing the heterogeneity of these 
particles chemically (from Moreno et al., 2015). 

 Chemistry of ambient air in different subway lines 

The detailed information presented above on the chemistry of subway components likely to source 

PM emissions provides a database with which to compare ambient aerosol chemistry in the different 

lines of the Barcelona metro. Average chemical compositions of PM2.5 sampled from lines 1-5 and 9-

10 is provided on Table 29, along with a summary of the components used for each line. 

Figure 52 compares the major chemical components present in ambient PM2.5 for each of the 

stations monitored in the sampling campaigns. The station with the worst air quality, Tetuan, is the 

only one serving one platform, with pollutants concentrating in a smaller air volume. The stations 

with the best air quality correspond to those with platform screen doors, which inhibit free 

movement of contaminated tunnel air into the platform. Two broad initial observations can be made 

from this figure. Firstly, in the older platforms without screen doors the chemical hierarchy is always 

ferruginous (FePM) > carbonaceous aerosols (CA) >> mineral dust (crustal) and sulphatic compounds. 

Whether the data are mass-normalised or not, it is Fe and C that dominate the chemistry of the 

subway environment. Secondly, the three stations from L3 (Palau Reial, Maria Cristina and 

Tarragona, all with similar designs) all show similar compositions whereas the three stations with 

similar designs but different lines (Santa Coloma, Tarragona and Sant Ildefons) show different 

chemistries. Thus each line seems to have its own distinctive chemical signature. 

These differences in subway line chemistry are likely to be linked to aerosol emissions from 

different moving components used by the train. Table 29 and the histograms in Figure 53 

demonstrate that there are notable differences in trace element signatures between lines, for 

example the three stations of L3 have barium concentrations of around 1400-1500 ppm whereas 

lines 2, 4 and 5 have Ba levels <150 ppm. Similarly L2 and L4 show much higher levels of Sb. In this 

section these and other chemical differences are investigated and likely sources identified. 

RAIL/WHEEL BRAKE PADS
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Figure 52: Major chemical components present in PM2.5 sampled from the 10 stations monitored during the 
IMPROVE LIFE work programme. The cartoons depict station design (see Figure 1). The upper histograms 
show measured mass data, whereas the lower diagrams are normalised to mass. 
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Figure 53. /ƻƳǇŀǊƛǎƻƴ ōŜǘǿŜŜƴ ǎƛȄ άǎǳōǿŀȅ ƳŜǘŀƭǎέ ƛƴ ǘƘŜ ǘŜƴ ƭƛƴŜǎ ǎǘǳŘƛŜŘ ŘǳǊƛƴƎ ǘƘŜ Latwh±9 [ƛŦŜ 
project. See text for explanation. 
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Table 29. Average chemical compositions of PM2.5 sampled from lines 1-5 and 9-10, along with a summary of the components used for each line. *own data from 
previous studies when no night works were carried out (Martins et al., 2016). (1) Includes filters from two campaigns. (2) Filters not related to night works only. 
Line L1 L2 L3 L4 L5 L9 L10 
Brake 71% B3; 29% B4 100% B1 80% B3; 20% B4 38% B1; 62% B2 100% B4 

C- Brushes 71% trains -- 80% trains -- -- 
Pantograph 71%P1, 29% P3 100% P2 80% P1, 20% P3 37% P2, 33% P1 100% P3 100% P2 
Ballast NO NO YES YES NO YES NO 

Station STA COLOMA*  TETUAN*  PALAU REIAL(1) MARIA CRISTINA(2) TARRAGONA(1) JOANIC*  SAGRERA SANT ILDEFONS COLLBLANC LLEFIÀ*  

µg/m3 Ave. sd Ave. sd Ave. sd Ave. sd Ave. sd Ave. sd Ave. sd Ave. sd Ave. sd Ave. sd 

PM2.5 61 14 90 19 79 24 70 13 77 21 75 17 38 10 42 13 25 5 34 6 

TC 17 5 16 4 17 5 15 3 14 4 10 2 10 3 7 2 5 3 7 3 

SO4
2- 2.2 0.6 2.5 0.7 3.5 1.0 3.3 0.6 3.2 0.8 1.3 0.5 1.3 0.7 1.3 0.5 1.8 1.5 0.8 0.3 

Fe2O3 24 7 51 13 37 17 37 9 35 10 47 14 15 5 22 10 4 2 15 4 

Al2O3 0.8 0.3 0.6 0.2 1.2 0.6 0.9 0.1 1.2 0.7 0.6 0.1 0.4 0.2 0.5 0.5 0.4 0.1 0.2 0.1 

K2O 0.3 0.2 0.6 0.2 0.3 0.1 0.2 0.0 0.3 0.1 0.3 0.1 0.3 0.1 0.3 0.3 0.8 0.8 0.2 0.1 

Ca 1.5 0.7 1.8 0.5 1.0 0.4 0.9 0.2 1.4 1.3 0.8 0.2 0.6 0.2 0.6 0.3 0.8 0.7 0.7 0.3 

Mg 0.4 0.1 0.3 0.1 0.6 0.3 0.5 0.1 0.6 0.2 0.2 <0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.1 <0.1 

Na 0.2 0.1 0.3 0.1 0.3 0.1 0.2 0.1 0.3 0.2 0.2 0.1 0.1 0.1 0.2 0.1 0.2 0.1 0.2 0.1 

ng/m3 

Ba 817 267 72 14 1505 796 1400 421 1493 446 149 36 99 28 35 16 11 4 14 8 

Cu 103 32 228 47 140 69 133 29 130 40 469 146 112 33 61 24 16 9 41 13 

Mn 193 59 358 92 225 112 244 60 241 73 314 85 96 34 145 59 33 16 103 24 

Zn 195 62 191 86 251 103 246 58 277 115 268 64 105 71 218 74 37 23 70 25 

Cr 22 6 45 12 31 15 29 8 32 11 41 12 11 4 21 11 3 2 17 4 

V 4.6 1.5 5.3 2.8 5.6 3.3 3.2 1.1 5.0 2.1 3.5 2.2 1.9 1.0 2.8 1.6 4.0 2.4 2.6 1.4 

Co 1.1 0.3 1.5 0.4 1.9 1.2 1.6 0.4 1.6 0.4 1.9 0.5 0.8 0.3 1.3 0.5 0.2 0.1 0.5 0.1 

Ni 10.2 3.0 6.7 1.6 18.0 8.7 16.0 3.1 16.9 4.4 11.5 3.1 6.8 2.4 10.7 4.8 3.4 1.1 3.6 1.0 

As 1.5 0.4 1.9 0.4 1.7 0.6 1.5 0.3 2.0 0.6 2.7 0.7 1.1 0.4 1.6 0.6 0.3 0.1 0.7 0.3 

Se 0.3 0.2 0.3 0.1 0.5 0.4 0.4 0.1 0.3 0.2 0.2 0.1 0.2 0.1 0.2 0.1 0.2 0.1 0.3 0.1 

Rb 0.8 0.3 1.2 0.3 0.9 0.5 0.7 0.1 0.9 0.3 0.7 0.2 0.4 0.1 0.5 0.4 0.3 0.1 0.5 0.1 

Sr 18.7 5.5 8.4 2.9 39.6 18.3 36.1 10.6 41.5 13.5 4.2 0.9 3.7 1.0 2.0 1.1 2.5 1.1 1.7 0.6 

Zr 6.5 1.9 18.3 11.4 18.8 3.7 17.5 0.8 15.3 2.8 9.0 4.6 16.3 1.3 11.8 2.4 10.7 3.8 16.2 10.4 

Mo 24.8 11.6 11.7 9.5 27.3 11.3 22.5 6.8 27.5 10.0 19.0 7.2 10.0 4.2 19.1 8.1 <0.1 1.8 18.8 15.4 

Cd 0.2 0.1 0.3 0.1 0.2 0.1 0.1 <0.1 0.2 0.2 0.2 0.1 0.3 0.1 0.2 0.1 0.1 0.1 0.2 0.1 

Sn 8.0 2.1 9.6 2.2 9.7 3.3 9.2 1.1 8.3 2.5 8.1 1.8 9.6 3.5 6.3 2.1 2.0 0.9 3.4 1.3 

Sb 3.4 1.1 36.4 9.3 2.8 0.9 3.1 1.0 2.4 0.6 97.4 21.3 4.7 1.6 5.4 2.2 2.3 1.1 14.8 5.7 

Pb 10.7 4.2 11.3 5.4 8.4 4.4 7.9 1.4 7.2 2.3 12.8 3.4 26.1 10.1 14.6 7.9 0.3 0.3 6.8 5.4 

Bi 0.9 1.5 0.5 0.2 0.3 0.2 0.3 0.1 0.3 0.3 0.2 0.1 0.5 0.2 0.4 0.6 0.1 2.4 0.6 1.4 

La 0.5 0.1 0.5 0.1 0.6 0.2 0.3 <0.1 0.6 0.2 0.6 0.1 0.5 0.1 0.4 0.2 0.2 0.1 0.2 0.1 

Ce 1.0 0.3 1.1 0.2 1.1 0.4 0.7 0.1 1.1 0.3 1.2 0.2 1.2 0.3 0.7 0.4 0.3 0.1 0.4 0.2 
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Table 29. Continuation: normalised values (divided by PM2.5 concentration) x 100. 

 
 L1 L2 L3 L4 L5 L9 L10 

 STA 
COLOMA 

TETUAN PALAU 
REIAL 

MARIA 
CRISTINA 

TARRAGONA JOANIC SAGRERA  SANT 
ILDEFONS 

COLLBLANC LLEFIÀ 

TC 28 18 21 22 19 14 26 16 21 20 

SO4
2- 3.5 2.7 4.4 4.7 4.1 1.7 3.5 3.1 7.7 2.3 

Fe2O3 40 57 47 53 45 63 40 51 20 46 

Al2O3 1.2 0.7 1.6 1.2 1.6 0.8 1.1 1.1 1.8 0.6 

K2O 0.5 0.7 0.4 0.3 0.4 0.4 0.7 0.7 1.3 0.6 

Ca 2.4 2.0 1.3 1.3 1.8 1.0 1.6 1.5 2.9 2.0 

Mg 0.7 0.3 0.8 0.7 0.8 0.3 0.3 0.3 0.4 0.2 

Na 0.3 0.4 0.3 0.3 0.4 0.3 0.3 0.4 0.7 0.5 

           

Ba 1329 79 1916 1989 1933 200 262 85 107 43 

Cu 167 252 179 189 169 629 296 146 89 122 

Mn 314 396 286 347 312 421 253 345 167 308 

Zn 317 212 320 350 359 360 276 521 188 209 

Cr 36 49 39 41 42 55 29 51 15 49 

V 7.4 5.8 7.1 4.6 6.4 4.7 5.1 6.8 15.8 7.8 

Co 1.7 1.7 2.4 2.3 2.1 2.6 2.1 3.1 1.0 1.3 

Ni 16.7 7.4 23.0 22.7 21.9 15.5 17.8 25.7 14.0 10.7 

As 2.4 2.1 2.1 2.1 2.6 3.6 2.8 3.8 1.2 1.9 

Se 0.5 0.3 0.7 0.6 0.4 0.2 0.4 0.4 0.7 0.8 

Rb 1.2 1.4 1.2 0.9 1.2 0.9 1.0 1.2 1.4 1.5 

Sr 30.5 9.3 50.4 51.2 53.8 5.6 9.8 4.7 18.6 5.0 

Zr 10.5 20.2 24.0 24.8 19.8 12.0 42.9 28.3 39.9 48.2 

Mo 40.4 12.9 34.7 31.9 35.5 25.4 26.2 45.7 <0.1 56.0 

Cd 0.3 0.3 0.2 0.2 0.2 0.2 0.7 0.6 0.4 0.5 

Sn 13.0 10.6 12.4 13.1 10.8 10.8 25.4 15.1 8.3 10.2 

Sb 5.6 40.3 3.5 4.4 3.1 130.6 12.3 12.8 10.3 44.1 

Pb 17.5 12.5 10.7 11.2 9.3 17.1 68.9 34.8 15.2 20.4 

Bi 1.5 0.5 0.4 0.5 0.4 0.3 1.2 1.0 3.0 1.7 

La 0.7 0.6 0.7 0.5 0.8 0.8 1.4 0.8 0.6 0.6 

Ce 1.6 1.2 1.4 1.1 1.4 1.6 3.1 1.8 1.2 1.3 

 

3.2.2.1. Barium Group: Ba, Sr, Zr, Ti 

Average concentrations of Ba measured in the Barcelona outdoor city background station are 5 

˃ƎϊƳҍо, so that subway Ba levels in L3 are around 300 times higher than above ground. The 

reason for such a dramatic increase in Ba is attributed to the fact that 80% of the brakes used on 

that line are type 3 and contain exceptional amounts of this tracer element (Ba 33000 ppm). The 

darker, more carbonaceous component in these brakes contains nearly 5% Ba (Table 26). No 

other subway source is Ba-rich so that most ambient Ba in L3 (around 1 µg m-3) is likely to be 

directly related to brake wear. Similar behaviour is shown by Sr, levels of which are strongly 

enriched in L3 brake shoes (Sr 1210 ppm) in type 3 brakes (Table 26). The data from Santa 

Coloma indicate that L1 is also rich in Ba and Sr, although at Ba 817 ppm and Sr 19 ppm this is 

around half that measured in the L3 stations which have Ba 1466 ppm and Sr 39 ppm. The reason 

for this will in part be due to the fact that L1 brakes contain 11% less Ba and Sr than those of L3 

(Table 30) but we suggest that a more important influence is likely to be the fact that L3 trains 
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need to brake more than those of L1. The L3 route descends a sloping piedmont from the higher 

ground around 100 m above sea level at the western entrance to the city to the coast at 

Drassanes then immediately climbs back up the piedmont to the base of the Collserola Hills. In 

contrast L1 runs through the city centre parallel to the coast and is essentially horizontal. Similar 

behaviour is shown by Zr and Ti, although the increased levels of the latter are in part masked by 

the fact that Ti concentrations in ballast are higher than those in the brake shoes. Taken 

ǘƻƎŜǘƘŜǊΣ ǘƘŜ ά.ŀǊƛǳƳ DǊƻǳǇέ ǘǊŀŎŜ ŜƭŜƳŜƴǘǎ ǇǊƻǾƛŘŜ ŎƭŜŀǊ ŜǾƛŘŜƴŎŜ ǘƘŀǘ ōǊŀƪŜ ǎƘƻŜ ŎƘŜƳƛǎǘǊȅ ƛǎ 

reflected in the ambient PM2.5 chemistry of subway air. 

 
Table 30. Concentrations in ppm of each element for each line adding the proportions of each type of 
brake and pantograph (see Table 26). 
 

 
BRAKES PANTOGRAPHS 

 

L1 L2 L3 L4 L5 L9 L10 L1 L2 L3 L4 L5 L9 L10 

ppm 

C 354185 253300 364400 273016 273600 273600 273600 451877 786600 420260 406542 701300 786600 786600 

Al 21543 816 22962 647 10346 10346 10346 
 

719 
 

266 
 

719 719 

Ba 23530 17199 26465 15343 373 373 373 44 85 33 34 136 85 85 

Ca 43432 24216 41893 22850 55577 55577 55577 1233 1207 1260 882 1026 1207 1207 

Cu 150 77766 142 99065 212 212 212 104277 197104 92415 384727 197852 197104 197104 

Fe 136149 333500 99830 355808 422672 422672 422672 350 1353 327 592 529 1353 1353 

K 1810 83 2039 32 
          

Mg 36793 23377 40140 21517 10385 10385 10385 
 

272 
 

101 
 

272 272 

Na 3703 265 3936 289 1863 
     

394 
 

1064 1064 

P 310 873 350 332 
          

S 16633 26442 16283 23833 19393 19393 19393 2225 3178 2146 1826 2848 3178 3178 

Ti 1557 36 1675 23 625 625 625 17 43 17 22 13 43 43 

V 39 4 40 3 32 32 32 97 18 87 28 174 18 18 

Cr 119 159 113 146 171 171 171 2 18 2 7 6 18 18 

Mn 1442 2615 1203 2105 3326 3326 3326 5 16 4 7 6 16 16 

Co 9 17 9 14 10 10 10 2 1 2 1 4 1 1 

Ni 28 103 25 144 51 51 51 104 20 92 30 193 20 20 

Zn 16762 67279 14713 84752 32922 32922 32922 14 122 11 47 33 122 122 

As 7 29 6 25 16 16 16 
 

3 
 

1 1 3 3 

Sr 879 306 981 295 67 67 67 4 5 3 3 5 5 5 

Zr 42 1 45 
 

19 19 19 1 1 1 1 
 

1 1 

Mo 1132 65 943 46 2629 2629 2629 2 5 2 2 4 5 5 

Cd 1 1 1 3 3 3 3 
       

Sn 49 10 39 22 130 130 130 2 3 2 2 3 3 3 

Sb 26 3879 27 2681 15 15 15 2 30 1 11 6 30 30 

La 8 1 9 
 

3 3 3 
       

Ce 16 1 17 
 

6 6 6 
      

0 

Pb 11 453 10 2284 20 20 20 9 9 8 6 13 9 9 

Bi 15 1 16 6 5 5 5 
       

 

3.2.2.2. Antimony 

Brake types B1 and B2 are both strongly enriched in Sb (B1 Sb 3879 ppm; B2 Sb 1947 ppm) and 

are only used in the subway trains of L2 and L4, both of which show concentrations of this 

element in PM2.5 that are much higher than those in the other lines (L2 36 ng·mҍо; L4 97 ng·mҍо 

(>x100 outdoor background) other lines average 6 ng·mҍо). There is no other comparably 

enriched source of this element in the subway environment, so that these extremely enhanced 

Sb levels in L2 and L4 can confidently be attributed mostly or entirely to brake wear. However L2 

ambient Sb levels are lower than those in L4, despite the fact that L2 brakes have higher Sb 

content (Table 26). As with the contrasting Ba levels in L3 vs L1, we suggest that this is likely to be 
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due to the differences in route, with L4 crossing the city from sea level to the higher ground of La 

Trinitat, whereas L2 runs from the medieval city to Badalona, maintaining gentle gradients as it 

stays relatively close to the coastline. 

 

3.2.2.3. Copper 

The brakes fitted to L2 and L4 trains are also highly enriched in Cu (L4 Cu 9.9%; L2 Cu 7.8%), with 

negligible amounts of this element in other brake types, and once again this coincides with 

corresponding enrichments in platform air (L4 Cu 469 ng·mҍо; L2 Cu 228 ng·mҍо: Table 29, this 

being up to 70 times outdoor background levels). The higher amount of Cu in L4 air could be 

explained by not only higher % of this metal in the brake shoes, but also a steeper line gradient 

between L4 and L2 as previous discussed for Ba and Sb. These observations suggest that Cu joins 

Ba, Sr and Sb as a classic άbrake tracerέ element. However this conclusion is complicated by the 

fact that pantographs used on these lines also have extreme enrichments in Cu, especially in L4 

(L4 Cu 38%; L2 Cu 20%: Table 26). Furthermore, the fact that trains on L5, which has ambient Cu 

PM2.5 levels of 112 ng mҍо, also uses pantographs with 20% Cu but brakes containing negligible 

Cu, suggests that at least some of this metal present on platforms is indeed being sourced from 

the pantograph. The data on Table 29 do not indicate any other major Cu source other than 

pantographs for the 112 ng mҍо measured in L5 platforms. If a similar mass of Cu in L2 platforms 

also derives from the pantographs then one can suggest that the remaining 100 ng mҍо or so is 

being sourced from brakes. In summary, Cu in platform PM2.5 is most common in the line using 

ōǊŀƪŜ ǎƘƻŜǎ ǿƛǘƘ ǘƘŜ ƘƛƎƘŜǎǘ /ǳ ŎƻƴǘŜƴǘ ό[пύ ŀƴŘ ǿƛǘƘ ŀ ǎǘŜŜǇŜǊ άƘƛƭƭ-to-ǎŜŀέ ǊƻǳǘŜΦ /ǊǳŘŜ 

calculations suggest that around 100 ng mҍо of CuPM2.5 may be being sourced from the 

pantographs, and 100-350 ng mҍо of CuPM2.5 from the brakes. 

 

3.2.2.4 Magnesium 

The main sources of Mg in the subway are brakes (1-4%Mg) and ballast (1%Mg) (Table 26). In 

Barcelona L1 and L3 use brakes with the highest Mg content mix (L1 3.7%; L3 4%: Table 26) and 

stations in these lines correspondingly have highest PM2.5 concentrations of this element of 

around 10 times outdoor background (L1 Mg 0.40 ˃ ƎϊƳҍо; L3 Mg 0.57 ˃ƎϊƳҍо, as opposed to Mg 

<0.3 ˃ƎϊƳҍо in all other stations). The higher concentrations registered in L3 are consistent with 

the fact that this line runs over granitic ballast containing 1%Mg (Table 26) as well as the fact that 

the line operates on a steeper gradient thus increasing brake use.  

 

3.2.2.5 Manganese, Chromium, Nickel and Cobalt 

Levels of Mn in the subway are commonly more than 40 times those in the Barcelona outdoor 

background. No obvious link between brake emissions and Mn contents is discernible in our 

database, this being likely because the highest concentrations of this element in the subway 

environment are to be found in train wheels (0.7% Mn) and rails (1.1% Mn) (Table 26). Likewise 

levels of Cr in some subway lines can exceed 30 times outdoor background levels of PM2.5, and no 
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obvious link between brake emissions and Cr contents is discernible in our database. Instead we 

identify train wheels (0.1-0.2% Cr) as the main source of this metal in the subway environment 

(Table 26). Ni levels in the Barcelona metro are variable but commonly around 4 times higher 

than outdoor background. Like Mn and Cr they are not obviously related to brake emissions but 

are more likely sourced mainly from steel train wheels. Finally Co concentrations in PM2.5 are 

typically 10-20 times outdoor background and, given the lack of any obvious association with 

brake compositions in our database, are also most likely sourced from train wheels (Table 29). 

 

3.2.2.6 Carbon 

Carbon is ubiquitous in the subway system, typically ranking as the second most common 

element present in PM2.5, although in some lines it can equal (L1 and L5) or even exceed (L9) Fe 

abundance (Table 29). The C concentrations measured on platforms ranges from 6-17 ˃ƎϊƳҍо, 

although when data are mass-normalised this range changes to 14-28. There are three subway 

components likely to source most of this particulate carbon (CPM), namely electric brushes (only 

used in L1 and L3: Table 26), brakes and pantographs. All brake pads contain substantial amounts 

of C, usually 25-29% with the exception of type 3 (39% C) which has a dark carbonaceous 

component containing 43% C (Table 26). All pantographs contain abundant C, although 

concentrations can be either 35% (type 1) or 70-79% (types 2 and 3: Table 26). These multiple 

origins for CPM complicate any attempt to source apportion this element in the subway 

environment. However, some useful information can be gleaned from the database. Firstly, the 

two metro lines employing carbon brushes and high-C brakes (L1 and L3) both have higher 

ambient levels of C (14-17 ˃ƎϊƳҍо), although the ratio of emissions from these two components 

remains unknown. Similarly high C levels occur in L2, which employs high C pantographs, 

although here the station design (tunnel serving just one platform) is a confounding factor so that 

when the data are mass-normalised the C-enrichment at Tetuan decreases relative to other lines. 

Normalised data also reveal L4 (Joanic) to have the lowest C content relative to PM2.5 mass, 

coinciding with the fact that this line uses both brakes and pantographs with a lower C content 

(and no brushes). Given the evidence from the trace element data discussed above there can be 

little doubt that brake dust contributes much C to subway air. Scaling up Mg concentrations to 

calculate how much C would be present if the Mg/C ratio remained constant between brake and 

PM2.5 predicts C concentrations of 3-6 ˃ƎϊƳҍо sourcing from brakes alone (with the highest 

contribution in L3: 5-6 ˃ƎϊƳҍо). However there are too many variables and no clear pattern 

emerges to help resolve the additional contribution to subway air of C particles from 

pantographs and brushes, not least because C concentrations in Barcelona city centre are 

typically in the range 4-7 ˃ƎϊƳҍо. Evidence for the infiltration of outdoor air into the subway has 

been noted at several places in this report, adding another contributory source of CPM aerosol 

ƳƛŎǊƻƎǊŀƳǎ ƛƴ ŀŘŘƛǘƛƻƴ ǘƻ ǘƘŜ ƛƴǘŜǊƴŀƭƭȅ ƎŜƴŜǊŀǘŜŘ άǎǳōǿŀȅ taέ ŦǊŀŎǘƛƻƴ ǊŜƭŜŀǎŜŘ ōȅ ǘǊŀƛƴ 

brakes, pantographs and brushes. 
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3.2.2.7 Iron 

LǊƻƴ ƛǎ ǘƘŜ ŎƭŀǎǎƛŎ άǎǳōǿŀȅ ƳŜǘŀƭέΣ ǇǊŜǎŜƴǘ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ .ŀǊŎŜƭƻƴŀ ƳŜǘǊƻ ƛƴ ŀǾŜǊŀƎŜ 

concentrations normally lying within the range 10-36 ˃ƎϊƳҍо FePM2.5 (15-52 ˃ƎϊƳҍо Fe2O3), this 

changing to 28-44 when mass-normalised. This metal is present in every subway component, but 

is by far most abundant in the steel of wheels and rails (98-99% Fe, 0.7% Mn; 0.1% Cr, 0.1% Cu). 

In brakes Fe is present in concentrations of 33-42% (brake types 1, 2 and 4) or 19% (type 3), and 

all other potential sources are much less ferruginous: ballast (3%), carbon brushes (0.3%), and 

pantographs (up to 0.14%) (Table 26). In the train wheel analysis on Table 26 Mn/Fe = 0.007 and 

Cr/Fe = 0.0012, whereas equivalent figures for all metro lines are Mn/Fe = 0.009-0.011 and Cr/Fe 

= 0.0010-0.0015. The similarity in Cr/Fe of both wheels and ambient PM2.5 is particularly striking, 

especially given that rails contain much less Cr (Cr/Fe = 0.0002) and brakes are also Cr-depleted. 

Chromium is much less common in any other subway component (Table 26), suggesting that 

most of the Cr, and therefore also Fe, present in platform PM2.5 is sourced from train wheels. The 

fact that the Mn/Fe ratio is somewhat higher in subway air than in steel wheels is attributed to 

contributions from other relatively Mn-richer sources such as ballast (Mn/Fe = 0.02), Mn-richer 

components such as type 3 brakes (Mn/Fe = 0.04), or (most likely) infiltration of outdoor city air 

(Mn/Fe = 0.02: Moreno et al 2015).  

The second most ferruginous component in the subway is train brake pads. The most 

ferruginous lines are L2 and L4 (33-36 ˃ƎϊƳҍо FePM2.5 on the platform), and both these lines use 

brakes containing 33-37% Fe, unlike L3 (25 ˃ƎϊƳҍо FePM2.5) which uses brakes with only 19% Fe. 

However there is no consistent pattern: for example L5 uses the most Fe-rich brakes (42% Fe) but 

our PM2.5 data from Sagrera and Sant Ildefons are not only less Fe-rich than L2 (Tetuan) and L4 

(Joanic) but also differ between themselves (Table 29). Furthermore, when the data are mass-

normalised the differences in Fe-content between stations become much less. A lack of a clear 

signal linking brake emissions to FePM2.5 is consistent with the previously published observation 

that around 50% of brake emissions are < 10 m˃ in size, and that these are mostly in the 2-6 m˃ 

range, so that most inhalable FePM will be found in particulate fractions coarser than PM2.5 

(Iijima et al., 2007). Given the Fe/Cr values given above, our data are consistent with the 

interpretation that FePM from brakes are mostly coarser than those from wheels so that the 

latter consequently form the majority of subway FePM2.5. Thus the considerable differences in 

measured subway FePM2.5 between stations may relate more to how much tunnel air 

contaminated with FePM is entering the platform rather than any other factor, and therefore 

mitigation becomes mainly a question of station design and ventilation. The most obvious 

example of this is provided by the L9S Collblanc station which is brand new and equipped with 

platform screen doors and powerful modern ventilation systems. On this station platform 

FePM2.5 levels are only 4.1 ˃ ƎϊƳҍо, which is ten times less than measured on Tetuan station which 

has a similar design but is old and lacks PSD. It is clear that in some stations it is theoretically 

possible to reduce ambient levels of platform FePM˃ ƎϊƳҍо by several tens of micrograms. 
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3.3. Activities affecting PM2.5 chemical composition in subway platforms 

The sources responsible for PM concentrations in the subway air can be differentiated into those 

generated within the underground system and those infiltrated from outside. With regard to 

ǘƘƻǎŜ ǇǊƻŘǳŎŜŘ ƛƴ ǘƘŜ ǎǳōǿŀȅΣ ǘƘŜǎŜ Ŏŀƴ ōŜ ŦǳǊǘƘŜǊ ǎǳōŘƛǾƛŘŜŘ ƛƴǘƻ ǘƘŜ Ŏƻƴǘƛƴǳƻǳǎ άǎǳōǿŀȅ 

ōŀŎƪƎǊƻǳƴŘέ ǇŀǊǘƛŎƭŜǎ ǊŜƭŜŀǎŜŘ ōȅ ŘŀȅǘƛƳŜ ǘǊŀƛƴ ƳƻǾŜƳŜƴǘΣ ŦƻǊŎŜŘ ǾŜƴǘƛƭŀǘƛƻƴ ǊŜǎǳǎǇŜƴǎƛƻƴΣ ŀƴŘ 

commuter activity, and those that punctuate normal ambient levels as a result of fugitive 

emissions from special activities such as night maintenance work. In this section we use the data 

collected during the various sampling campaigns described above to investigate how different 

aerosol sources may be identified by examining the detailed chemistry of the inhalable 

particulate material present in subway air.  

  Sagrera 

As previously stated the major track renewal works in Sagrera took place over a seven week 

period and involved a full programme of rail and ballast replacement in both directions of Line 5. 

Our sampling campaign therefore allowed us to test whether such major work at night in the 

tunnel affected air chemistry on the platform during operational hours the following day. It also 

provided the opportunity to produce a database detailed enough to help reveal different specific 

sources of air pollutants found underground. 

The chemical composition of PM2.5 filter samples collected at Sagrera station before and 

during the tunnel works air sampling experiment is shown in Table 31, with averages calculated 

for each weekday period (Weeks 1-7). The species and elements analysed were associated into 

different groups including Fe oxide, crustal (sum of Al, Si, Ti, K, P and C oxides), carbonaceous 

aerosols (CA=1.4 x Total Carbon), Secondary Inorganic Compounds (SIC= sulphate+ nitrate+ 

ammonium), marine sea salt (Na+Cl) and trace elements.  

The average chemical composition of these groups for each of the different weekday periods 

is shown in Figure 54. The main chemical components throughout the study were consistently 

ferruginous (15 to 21 µg m-3) and carbonaceous aerosols (15 to 22 µg m-3) both before works and 

Week 4, with crustal (mineral) dust and secondary inorganic compounds being of secondary 

importance in terms of mass.  
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Table 31. Average concentrations (and standard deviation) of major (µg m-3) and trace (ng m-3) components of PM2.5 at Sagrera station for the period before works and 

the different renewal works activities (operational hours only: 05:00-24:00). 

 
Major components  n PM2.5 Al2O3 Fe2O3 TiO2 K2O P2O5 TC  ws-SO4

2- ws-NO3
- ws-Cl- ws-NH4

+ 

Before works period avg 24 38 0.4 15 0.03 0.3 0.1 10  0.8 1.3 0.3 0.6 

std  10 0.2 5.0 0.01 0.1 <0.1 3.1  0.4 0.8 0.2 0.5 

Week 1 avg 5 54 0.8 20 0.05 0.4 0.1 14  1.2 1.3 0.4 0.8 

std  6 0.1 3.2 0.01 <0.1 <0.1 1.6  0.7 1.0 0.2 0.7 

Week 2 avg 5 41 0.6 17 0.03 0.2 0.1 11  0.3 0.8 0.6 0.2 

std  7 0.1 3.0 0.01 0.1 <0.1 2.2  0.2 0.5 0.2 0.1 

Week 3 avg 5 39 0.5 15 0.02 0.2 0.1 11  0.6 0.6 0.5 0.2 

std  7 0.1 3.3 0.01 <0.1 <0.1 1.4  0.2 0.4 0.1 0.1 

Week 4 avg 5 64 0.8 21 0.05 0.4 0.1 16  2.8 3.2 0.2 1.4 

std  10 0.2 3.3 0.01 0.1 <0.1 3.5  0.9 0.7 0.2 0.4 

Week 5 avg 5 40 0.6 16 0.03 0.2 0.1 8  1.5 0.9 0.3 0.7 

std  3 0.1 1.4 <0.01 <0.1 <0.1 1.4  1.2 0.5 0.3 0.3 

Week 6 avg 5 48 0.7 20 0.04 0.3 0.1 10  1.0 0.7 0.4 0.4 

std  5 0.2 3.1 0.01 <0.1 <0.1 1.6  0.8 0.3 0.3 0.2 

Week 7 avg 2 48 0.9 15 0.05 0.3 0.1 11  1.2 1.2 0.5 0.4 

std  3 0.3 0.1 0.01 <0.1 <0.1 0.7  0.6 0.7 0.2 0.1 
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Table 31. Continuation. 

 
Trace components Li V Co Ni As Se Rb Sr Zr Mo Cd Sn Sb La Ce W Pb Bi Th U Cr Mn Cu Zn Ba 

Before works 

period 

avg 0.3 1.9 0.8 7 1.1 0.2 0.4 3.7 16 10 0.3 9.6 4.7 0.5 1.2 0.3 26 0.5 0.1 0.2 11 96 112 105 99 

std 0.1 1.0 0.3 2.4 0.4 0.1 0.1 1.0 1.3 4.2 0.1 3.5 1.6 0.1 0.3 0.1 10.1 0.2 <0.1 <0.1 4 34 33 71 28 

Week 1 avg 0.5 2.4 1.3 9 1.3 0.3 0.7 5.3 17 16 0.4 12.7 8.2 0.7 1.5 0.5 38 0.6 0.2 0.2 15 127 168 115 108 

std 0.1 0.9 0.2 1.1 0.1 0.2 0.1 0.7 0.5 1.7 0.1 1.6 2.2 0.1 0.2 0.1 5.3 0.3 <0.1 <0.1 2 19 21 12 18 

Week 2 avg 0.5 1.8 1.1 8 0.9 0.1 0.5 4.6 17 15 0.3 9.5 5.6 0.6 1.3 0.5 30 0.4 0.1 0.2 13 110 130 111 105 

std 0.1 0.8 0.2 1.4 0.2 0.1 0.1 1.2 0.3 0.6 0.1 2.9 0.5 0.1 0.2 0.1 24.4 0.1 <0.1 <0.1 2 22 20 46 33 

Week 3 avg 0.4 2.1 0.9 8 0.8 <0.1 0.4 3.8 15 9 0.2 11.0 5.3 0.6 1.2 0.4 26 0.3 0.1 0.2 16 95 130 83 96 

std 0.1 0.2 0.1 1.8 0.1 0.1 0.1 1.1 0.6 3.8 <0.1 2.7 1.0 0.1 0.1 0.1 5.6 0.1 <0.1 <0.1 11 22 11 14 35 

Week 4 avg 0.7 4.9 1.3 11 1.4 0.6 0.8 7.2 17 14 0.4 14.6 6.2 0.8 1.6 0.6 35 0.5 0.1 0.2 17 143 174 151 161 

std 0.1 1.6 0.3 1.8 0.2 0.2 0.2 2.7 1.0 5.0 0.1 4.3 1.2 0.1 0.2 0.1 9.6 0.3 <0.1 0.1 3 21 27 38 43 

Week 5 avg 0.6 1.3 0.9 9 1.1 0.3 0.5 4.6 17 15 0.2 9.4 4.8 0.5 1.2 0.4 22 0.2 0.1 0.1 13 113 150 125 107 

std 0.1 0.4 0.1 1.5 <0.1 0.1 0.1 0.5 0.6 5.0 0.1 3.0 0.8 0.1 0.1 <0.1 2.6 0.1 <0.1 <0.1 1 9 13 49 25 

Week 6 avg 0.7 2.0 1.4 13 1.2 0.3 0.6 5.5 17 15 0.3 11.7 5.3 0.6 1.4 0.4 24 0.2 0.1 <0.1 17 149 167 107 118 

std 0.2 0.8 0.3 3.4 0.1 0.1 0.1 1.2 0.3 1.1 0.1 3.2 1.0 0.1 0.2 0.1 5.0 0.1 <0.1 <0.1 3 31 21 14 33 

Week 7 avg 1.4 3.7 1.6 10 1.0 0.3 0.5 6.2 17 14 0.2 6.8 5.2 0.6 1.3 0.4 15 0.2 0.1 0.1 12 101 132 105 79 

std 0.7 1.4 0.5 1.2 0.1 <0.1 0.1 0.9 0.1 2.8 <0.1 0.3 0.3 0.1 0.1 <0.1 0.7 <0.1 <0.1 <0.1 <0.1 2 6 3 21 
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Figure 54. Average chemical composition in µg m-3 (major components grouped according to similar 
origin/properties) for background (before works) and during the different weekday period 1-7 when 
renewal works were carried out at Sagrera station. CA: Carbonaceous aerosols. SIC: Secondary 
Inorganic Compounds. 

 

Compared to the ambient conditions before the rail works programme began, the most 

notable increases in aerosol concentrations were observed in the crustal and secondary 

inorganic component. In the case of the crustal component, which is basically a measure of 

mineral-derived dust, this increased above background levels throughout the seven weeks of 

the tunnel works programme and especially at the end of the works period. We attribute this 

as most likely due to the release and resuspension of rock mineral dust derived from the 

considerable amount of track ballast removed and added during the works. This is especially 

noticeable in, for example, Week 7 which is consistent with the several extreme transient 

peaks in coarser PM (2.5-10 micron sized) revealed previously by Figures 4 and 5. In the case of 

the secondary inorganic compounds, the most dramatic increase in sulphate and nitrate 

coincided with the outdoor SIC pollution event occurring during Week 4 (Table 31). This can be 

linked to the arrival that week of a far-travelled sulphatic pollution cloud drifting into 

northeast Spain from central and eastern Europe, as recorded on Figure 55. A similar, but 

much more dilute, transboundary European pollution event was also responsible for the 

increased SIC levels in Week 1. It can be concluded from these observations that the chemical 

data further support the conclusion that the quality of city air above ground has a strong 

influence on air chemistry on the platform of Sagrera metro station.  

0

10

20

30

40

50

60

70

Before
works

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7

µ
g
/m

3

Not determined

Trace elements

Na+Cl

SIC

CA

Crustal

Fe2O3



 
 

                                                                                                                 79 

 

Figure 55. NRL maps showing the optical thickness and sulphate concentration (µg m-3) at surface for 
13-14 march 2015 at 12 UTC. ©Naval Research Laboratory (NRL), Monterey, CA. 

 

Figure 56 shows the ratio between the concentrations of individual major species and trace 

elements during the various weekday work periods as compared to ambient concentrations 

measured prior to the start of works. The ratios exceeding unity indicate how the 

concentrations of most of the trace elements increased during the renewal works. Considering 

the seven weeks individually when activities were carried out in Sagrera, all weeks showed 

ŀōƻǾŜ ŀǾŜǊŀƎŜ ƭŜǾŜƭǎ ƻŦ άŎǊǳǎǘŀƭέ ƳŀƧƻǊ ŀƴŘ ƳƛƴƻǊ ŜƭŜƳŜƴǘǎ ό!ƭΣ /ŀΣ bŀΣ aƎΣ CŜύΣ ǿƘƛŎƘ ƛǎ 

consistent with an extra loading of rock ballast-related dust (see the ballast chemical 

composition on Table 26). The trace element signature of this crustal dust is similarly 

recognisable by above-average levels of Li, Rb, Sr, La, Ce, and increases in several trace metals 

(Ni, Sb, W, Cr, Mn, Cu) may also be linked at least in part to the presence of additional ballast 

dust. Week 4 showed a very different chemical signature, registering peak values for Mg, SO4, 

NO3, NH4, TC, V, Se, Rb, Sr, Sn, La, Ce, W, Cu, As, Sb, Zn and Ba, and combining Weeks 1 and 4 

produces an even ƳƻǊŜ ǊŜǾŜŀƭƛƴƎ ǎƛƎƴŀǘǳǊŜ ƻŦ ǘƘŜ ƭƛƪŜƭȅ ǎƻǳǊŎŜ ŦƻǊ ǘƘƛǎ άŜȄƻǘƛŎέ ƻǳǘŘƻƻǊ 

pollution event infiltrating the Metro system. The combination of atmospheric sulphates and 

nitrates with toxic trace metallic elements such as As, Cd, Sb and Pb, along with a normal 

άŎǊǳǎǘŀƭέ ǊŀǊŜ ŜŀǊǘƘ ǎƛƎƴŀǘǳǊŜ ό[ŀκ/Ŝ лΦпрύ ŀƭƭ ǎǳǇǇƻǊǘ ŀ Ŏƻŀƭ-burning source. In contrast the 

strongly crustal mineral dust signature of Week 7 shows highest levels of Al and Ti but very low 

levels of the metallic tracers more typical of SIC intrusions (As, Cd, Sb, Pb). Finally, any 

influence of the night tunnel works such as welding on the trace metal chemistry of ambient 

PM2.5 during the train operating hours of the following day was minimal, although some 

changes can be detected. There is, for example, an indication of increased levels of ambient 

atmospheric Mn, Ni, Cu and Cr (especially when the data are normalised to PM mass) during 

ǘƘŜ άŦƛƴŀƭ ǿŜƭŘƛƴƎέ ²ŜŜƪ с όTable 31). 

In conclusion, chemical analysis of PM2.5 collected on daytime (05:00-24:00 h) filters during 

the Sagrera tunnel night works programme demonstrated that: i) The two prominent pollution 

events registered underground in Weeks 1 and 4 were sourced from the infiltration of outside 

city air contaminated by a sulphatic and metalliferous plume of SIC drifted over from 

eastern/central Europe (probably from coal burning); ii) The increase on ambient PM mass 
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attributed to night tunnel works was especially rich in elements typical of silicate mineral dust, 

ǎǳǇǇƻǊǘƛƴƎ ǘƘŜ ǊŜŎƻƎƴƛǘƛƻƴ ƻŦ ŀ άǿƻǊƪs-ǊŜƭŀǘŜŘέ ǎƻǳǊŎŜ ƻŦ ŀŘŘƛǘƛƻƴŀƭ ŀƛǊōƻǊƴŜ ǇŀǊǘƛŎƭŜǎ ŘŜǊƛǾŜŘ 

from the removal and laying of granitic ballast during the night maintenance; iii) There is some 

indication of increased levels of ambient atmospheric Mn, Ni, Cu and Cr on the platform during 

ǘƘŜ άŦƛƴŀƭ ǿŜƭŘƛƴƎέ ǎǘŀƎŜ ƻŦ ǘƘŜ ǿƻǊƪΦ  

 

 

Figure 56. Ratios between the concentrations of individual major species and trace elements during 
different renewal works and the concentrations during the background situation (no renewal works 
carried out the night before) at Sagrera station. 
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 Santa Coloma 

Samples were collected at Santa Coloma daily (05:00-24:00 h) for chemical analysis from 1st 

October until 2nd November, providing a database of 33 analysed filters. During this period 

there was only one NAF event (around 5th October, before works started) and no officially 

registered SIC events, which makes the database potentially especially useful for identifying 

locally-ǎƻǳǊŎŜŘ άǘǳƴƴŜƭ ǿƻǊƪǎέ ŜǾŜƴǘǎΦ /ŀǊŜŦǳƭ ŜȄŀƳƛƴŀǘƛƻƴ ƻŦ ǘƘŜ ŎƘŜƳƛŎŀƭ Řŀǘŀ ƘƻǿŜǾŜǊ ŘƻŜǎ 

reveal the transient presence of enhanced levels of sulphatic PM on the platform during 11-

12th and (to a lesser extent) 18th October, with levels of SO4 and NH4 approaching 10 µg m-3 and 

exceeding 2 µg m-3 respectively. The SIC event on 11-12th October produced peak values not 

only of SIC but also the trace elements V, Se, Mo, Th, and U, resulting in a highly distinctive 

chemical signature.  

The chemical composition of PM2.5 sampled on Santa Coloma platform over the seven 

days after night work is shown in Table 32, with the main type of maintenance work recorded 

(old rail removal, track ballast preparation, new rail installation, welding and final finishing 

including ballast tamping). Note that the SIC and Na+Cl concentrations are not available.  

The average mass concentrations of the main chemical compositional groupings present 

in platform air after night works at Sagrera and Santa Coloma is shown in Figure 57. We see 

from this comparison that once again in Santa Coloma the two dominant chemical 

components before and during the night works were iron oxide (both 13 µg m-3) and 

carbonaceous aerosols (both 16 µg m-3). Iron oxide increased at the beginning of the works 

campaign although did not continue rising during the rest of the period. The most obvious 

consistent change in chemical composition was again an increase in crustal dust. Indeed, apart 

from the lack of obvious SIC episodes at Santa Coloma, the two data sets are broadly similar 

both in terms of PM mass and in the increase of crustal dust present in platform air after the 

night works. 

The chemical database for Santa Coloma reveals several subtle anomalies that may be 

linked to the night works. The first of these occurred at the beginning of the work programme 

when materials were being transported and the rails being replaced around the 14-16th 

October. Mass-normalised data for this period reveals enrichments in Al, Ca, K, Ti, P, Li, Rb, La, 

Ce, and Th which is consistent with an enhanced source of crustal mineral dust released from 

working with ballast. The 2-day period 15-16th October specifically involving rail replacement 

also saw Cr, Mn, Cu, Zn, Ba levels rise to 16-17, 133-150, 85-91, 119-141, and 525-531 ng m-3 

respectively, all of which are above average and may be related to metalwork emissions. 

During the next week, when the night work resumed, the five days from 19-23rd October all 

coincided with another increase in elemental tracers for silicate mineral dust such as Al, Ti and 

Li (again best seen in the mass-normalised data). The enhancement in these three tracers is 

well displayed on Figure 58, which plots the ratio between the concentrations of chemical 

components before and during the different renewal works. ¢Ƙƛǎ άŎǊǳǎǘŀƭέ ŎƘŜƳƛŎŀƭ ǎƛƎƴŀǘǳǊŜ 

coinciding with the works period can be recognised continuing across the following weekend 

and through much of the following week, suggesting a lag-effect with resuspended ballast dust 

still influencing ambient platform PM chemistry for a few days after work had been completed. 
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Table 32. Average concentrations (and standard deviation) of major (µg m-3) and trace (ng m-3) elements of PM2.5 at Santa Coloma station for the no works period and 

the different renewal works activities.  <dl: below detection limit. 

 
  n PM2.5 Al2O3 Fe2O3 TiO2 K2O P2O5 TC SO4

2- 

No works period avg 9 41 0.3 12.9 0.02 0.20 0.03 11.4 2.5 

std  6.4 <0.1 3.6 <0.1 0.1 <0.1 3.1 0.8 

15/10/15  Railtrack preparation avg  57 0.6 20.4 0.04 0.26 0.06 12.2 2.1 

16/10/15  New rail installation avg  64 0.6 22.5 0.05 0.27 0.06 13.8 1.9 

20/10/15  Railtrack preparation  avg  42 0.5 12.5 0.02 0.23 0.03 11.9 1.5 

21/10/15  Welding avg  47 0.6 17.2 0.03 0.25 0.05 10.6 2.1 

22/10/15  Welding avg  50 1.0 15.0 0.04 0.36 0.05 11.9 2.1 

23/10/15  New railtrack finishing avg  49 0.6 16.1 0.03 0.29 0.05 12.5 1.9 

26/10/15  New railtrack finishing avg  37 0.7 20.4 0.03 0.27 0.03 11.6 1.9 

 

  n Li V Co Ni As Se Rb Sr Zr Mo Cd Sn Sb La Ce Pb Bi Th U Cr Mn Cu Zn Ba 

Before works 
avg 9 0.2 4.2 0.6 5.5 1.0 0.4 0.4 11 0.5 6 0.2 4.1 1.8 0.3 0.6 0.2 8 0.3 0.1 9 86 53 88 339 

std  0.1 2.4 0.2 1.4 0.2 0.1 0.1 4 0.9 4 0.1 1.1 0.5 0.1 0.1 0.1 3 0.3 <0.1 3 28 17 27 104 

15/10 Railtrack preparation 0.5 3.7 0.9 7.9 1.3 0.2 0.8 16 1.4 7 0.1 6.0 3.9 0.4 0.8 0.3 9 0.2 0.1 16 133 85 119 525 

16/10 New rail installation 0.6 5.0 1.6 8.4 1.7 0.2 1.2 16 <dl <dl 0.2 6.4 2.6 0.5 1.0 0.3 17 0.3 0.1 17 150 91 141 531 

20/10 Railtrack preparation 0.3 1.1 0.5 4.6 0.9 0.4 0.4 10 3.9 8 0.1 42 2.3 0.3 0.6 0.2 5 0.2 <0.1 10 90 54 89 333 

21/10 Welding 0.4 2.9 0.7 6.6 1.1 <0.1 0.6 13 3.2 7 0.1 5.4 2.7 0.3 0.7 0.3 6 0.1 0.1 13 121 71 121 447 

22/10 Welding 0.5 3.5 0.7 5.9 1.0 0.4 0.7 13 7.3 6 0.1 6.4 2.3 0.5 1.0 0.2 7 0.2 0.1 12 109 70 105 423 

23/10 New railtrack finishing 0.4 5.1 0.7 7.4 1.0 0.6 0.5 13 3.2 6 0.1 8.1 2.2 0.4 0.8 0.2 9 0.4 <0.1 13 116 67 109 423 

26/10 New railtrack finishing 0.4 2.0 0.4 3.7 0.9 0.3 0.4 7 5.8 <dl 0.2 3.4 1.8 0.3 0.8 0.2 7 2.4 <0.1 9 64 40 80 225 
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a b  

Figure 57. Average chemical composition for the period without works and during the different 
renewal works carried out at Sagrera (a) and Santa Coloma (b) stations. Note that SIC and Cl 
ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ŀǊŜ ƴƻǘ ŀǾŀƛƭŀōƭŜΣ ǊŜŦƭŜŎǘŜŘ ƛƴ ǘƘŜ ƘƛƎƘ άƴƻǘ ŘŜǘŜǊƳƛƴŜŘέ ŦǊŀŎǘƛƻƴΦ 

 

 

Figure 58. Ratio between concentrations of major species and trace elements during renewal works 
and concentrations during the base situation (no works carried out) at Santa Coloma. Ratios above 
the unity indicate an increase in concentrations that can be attributed to the renewal works. Note the 
obvious increase in crustal mineral dust-related elements (especially Al, Ti and Li) and the relative lack 
of SIC as recorded by the ammonium sulphate levels. 
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 Joanic 

The chemical composition of PM2.5 sampled on Joanic platform over the twelve days after 

night work is shown in Table 33, with the main type of maintenance work recorded (catenary, 

track, new rail, welding). Note that the SIC and Na+Cl concentrations are not available. The 

effect of night tunnel works on major element chemistry is not apparent from these data, 

although there is some indication that increased concentrations of the trace metals Ni, Cr and 

Mn coincided with nights when catenary maintenance was initiated (4th and 11th November). 

As discussed previously, there were no outdoor sulphate (SIC) or desert dust (NAF) intrusions 

officially reported for the city during any of these days. However, Figure 59 does reveal a clear 

connection between subway and outdoor air, as measured by good correlations between 

concentrations of ammonium and sulphate on Joanic platform and at the Barcelona outside 

background station. Such correlations are not demonstrated by, for example, trace metals 

such as Ni, which are more likely in this case to originate from tunnel works (Figure 59).  

The main chemical groupings of PM2.5 analysed at Joanic for the different night work 

activities is compared on Figure 60 with those from the Santa Coloma study. This comparison 

reveals that it is the ferruginous component that is primarily responsible for the very high 

ambient levels at Joanic, comprising 30-60 µg m-3 of the ambient mass present in the air both 

before and during the works programme. Another clear difference between the data from the 

two stations is that there is much less crustal dust recorded at Joanic, which is consistent with 

the relative lack of coarse PM noted earlier.  

 

 

Figure 59. Correlation for sulphate, ammonium and Ni between outdoor and indoor concentrations 
during the Joanic campaign.  
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Table 33. Concentrations of major components of PM2.5 at Joanic station for the no works period and the different renewal works activities.  

 

 PM2.5 Al2O3 Fe2O3 TiO2 K2O P2O5 TC SO4
2- ws-NH4

+ 

Background 20/11 71 0.9 40 0.04 0.4 0.05 11.9 1.7 0.2 

4/11 Catenary 66.1 0.2 37 0.02 0.2 0.04 9.93 1.3 0.1 

5/11 Catenary 64.2 0.3 34 0.02 0.3 0.04 12.11 1.7 0.2 

6/11 Track preparation 78.3 0.3 31 0.02 0.2 0.05 14.36 2.2 0.3 

11/11 Catenary 81.0 1.3 43 0.04 0.5 0.10 18.30 2.2 0.3 

12/11 Catenary 69.5 0.1 35 0.02 0.1 0.04 12.17 1.9 0.3 

13/11 Track preparation 76.9 0.2 45 0.01 0.1 0.04 11.19 2.8 0.4 

23/11 Track preparation 94.6 1.4 63 0.04 0.4 0.06 11.20 1.0 0.04 

26/11 Track preparation 73.2 0.4 41 0.02 0.2 0.03 12.28 0.9 0.1 

27/11 Track preparation 64.5 0.4 34 0.02 0.2 0.04 13.68 1.0 0.1 

9/12 New rail installation 71.3 0.5 36 0.02 0.3 0.05 13.13 3.2 0.6 

10/12 Welding 73.6 0.6 40 0.04 0.3 0.05 11.77 2.6 0.4 

14/12 Welding 94.3 0.5 50 0.03 0.3 0.06 18.73 2.2 0.4 
 

 Li V Co Ni As Se Rb Sr Cd Sn Sb La Ce Nd W Pb Bi Th U Cr Mn Cu Zn Ba 

Background 0.4 3.5 1.6 16.1 2.3 0.1 0.8 5.3 0.1 7.6 72.4 0.6 1.3 0.3 0.4 16.7 0.3 0.2 0.1 38 243 303 213 132 

4/11 1.0 2.6 2.0 178.2 4.0 0.3 0.6 3.5 0.1 11.9 72.2 0.4 0.9 0.1 0.2 13 0.3 <0.1 <0.1 79 991 266 214 131 

5/11 0.4 6.0 1.6 67.7 3.3 0.4 0.4 3.1 0.2 8.5 52.7 0.4 0.9 0.1 0.3 12 0.3 <0.1 <0.1 48 459 227 192 97 

6/11 0.3 8.3 1.6 33.2 4.3 0.8 0.4 3.0 0.3 14.6 33.9 0.4 0.9 0.1 0.3 22 0.4 <0.1 <0.1 32 332 246 185 132 

11/11 1.2 5.2 1.9 105.8 3.6 0.9 0.8 5.2 0.2 14.9 80.8 0.5 1.1 0.1 0.5 16 0.3 0.1 0.1 74 834 295 219 127 

12/11 0.3 4.5 1.6 57.5 2.7 0.5 0.4 3.0 0.1 8.0 59.5 0.3 0.7 0.1 0.4 12 0.2 <0.1 <0.1 47 433 266 169 103 

13/11 0.2 4.7 1.8 24.1 2.7 0.4 0.4 4.0 0.1 8.7 51.7 0.4 0.9 0.1 0.2 13 0.3 <0.1 <0.1 45 285 334 212 133 

23/11 0.6 2.2 2.4 25.2 3.3 0.1 0.7 6.8 0.1 10.9 96.4 0.5 1.0 0.2 0.7 16 0.2 0.1 0.1 60 385 339 292 179 

26/11 0.3 1.7 1.6 16.9 2.3 <0.1 0.4 4.8 0.1 7.5 101.3 0.5 1.2 0.1 0.6 12 0.2 0.2 0.1 36 246 316 212 153 

27/11 0.3 2.0 1.4 15.5 2.1 0.1 0.5 4.7 0.2 8.0 84.5 0.6 1.3 0.1 0.4 14 0.4 0.1 0.1 34 210 286 221 140 

9/12 0.4 3.7 1.3 13.9 1.9 0.2 0.6 4.4 0.2 7.3 69.0 0.5 1.0 0.1 0.3 17 0.2 0.1 0.1 32 217 313 254 142 

10/12 0.5 3.7 1.7 28.5 2.2 0.3 0.6 5.1 0.2 8.1 75.8 0.5 1.1 0.1 0.5 15 0.3 0.1 0.1 79 251 324 245 161 

14/12 0.5 3.7 1.9 19.0 2.6 0.2 0.7 5.3 0.3 9.6 70.7 0.6 1.4 0.1 0.7 22 0.5 0.1 0.1 45 307 329 296 155 
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Figure 60. Average main chemical groupings for the period before works and during the different 
renewal works carried out at Santa Coloma (top) compared to Joanic (bottom). Note that Secondary 
Inorganic Compounds (SIC) and Cl concentrations are not available, which is reflected in the high not 
determined fraction. CA = Carbonaceous aerosols. Note the high levels of ferruginous component 
present at Joanic and the generally relatively low levels of crustal dust present during the works at 
Joanic. 

 

Figure 61 plots the ratio between the concentrations of chemical components during the 

different renewal works normalised to the non-works day (20th November). In contrast to 

similar plots for Sagrera and Santa Coloma (Figures 56 and 58), Figure 60 shows no strong 

signal of crustal dust, but instead there are notable enrichments in ammonium ions. 
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Figure 61. Ratio between concentrations of major species and trace elements during renewal works 
and without works being carried out at Joanic station. Ratios above 1 indicate an increase in 
concentrations that can be attributed to the renewal works. Ni ratio after catenary replacement is 4.7. 
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The chemical composition of PM2.5 sampled during operational hours (05:00-24:00 h) at Palau 

Reial (PR: 44 days) and Maria Cristina (MC: 27 days) stations is shown in Table 34. Average 

daytime levels of PM2.5 were around 84 µg m-3 at Palau Reial before the ballast work began, 

increasing by over 20% during the works period. In contrast PM2.5 levels at Maria Cristina were 

lower, averaging 61 µg m-3 before works started but rising by less than 10% on the days after 

night ballast addition work, the latter effect likely reflecting the greater distance between 

monitoring station and night work location.  

The chemical data reveal that ambient PM2.5 at both stations were dominated by Fe2O3 

(averages of 44 and 32 µg m-3 for PR and MC respectively), followed by carbonaceous aerosols 

(CA: 22 and 18 µg m-3), crustal material (8 and 6 µg m-3) and secondary inorganic compounds 

(SIC: 3.5 and 2.7 µg m-3). The most abundant metals measured were Ba (1839 and 1151 ng m-3 

for PR and MC respectively), Zn (296 and 212 ng m-3), Mn (272 and 208 ng m-3) and Cu (172 

and 110 ng m-3) (Table 34 and Figure 62). 
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Table 34. Concentrations of major components (top) and trace elements (bottom) of PM2.5 at Palau Reial and Maria Cristina stations for the days when no ballast was 

processed (no works) and the days when ballast was processed (works). 

Palau Reial  n PM2.5 Al2O3 Fe2O3 TiO2 K2O P2O5 TC ws-SO42- ws-NO3- ws-Cl- ws-NH4
+ 

No works avg 38 84 1.1 43.6 0.1 0.3 0.1 15.6 2.3 0.7 0.3 0.4 

std  25 0.6 13.6 <0.1 0.1 <0.1 4.7 1.2 0.3 0.4 0.3 

Addition of ballast avg 5 104 1.8 58.3 0.1 0.4 0.1 19.6 3.0 0.7 0.1 0.6 

std  18 0.7 5.9 <0.1 0.2 <0.1 1.9 1.5 0.3 0.2 0.4 

Maria Cristina              

No works avg 23 61 0.7 31.6 0.1 0.2 0.1 12.5 1.9 0.4 0.3 0.4 

std  16 0.2 9.5 <0.1 <0.1 <0.1 3.6 1.0 0.2 0.1 0.2 

Addition of ballast avg 3 66 0.9 34.8 0.1 0.2 0.1 12.5 2.4 0.5 0.3 0.4 

std  21 0.3 15.1 <0.1 0.1 <0.1 2.8 1.1 0.1 0.1 0.1 

Fault of a material 
transport vehicle 

avg 1 86 1.4 48.7 0.1 0.3 0.1 15.4 2.0 0.6 0.2 0.2 

std  NA NA NA NA NA NA NA NA NA NA NA 

 

Palau Reial Li V Co Ni As Se Rb Sr Cd Sn Sb La Ce Nd W Pb Bi Th U Cr Mn Cu Zn Ba 

No works avg 0.9 5.1 2.4 23 2.0 0.4 0.9 48 0.2 11 2.9 0.5 1.0 0.4 0.8 9.1 0.2 0.2 0.1 39 272 172 296 1839 

std 0.3 2.5 1.0 6 0.6 0.2 0.4 15 0.1 4 1.0 0.2 0.3 0.1 0.8 3.5 0.1 0.1 <0.1 12 86 55 92 607 

Addition 

of ballast 

avg 1.2 6.7 2.7 29 2.3 0.5 1.3 59 0.2 12 3.2 0.5 1.1 0.5 1.1 11.3 0.3 0.2 0.1 48 367 229 361 2399 

std 0.3 4.2 0.3 5 0.4 0.3 0.7 8 <0.1 2 0.4 0.2 0.4 0.2 0.3 4.4 0.2 0.1 <0.1 4 44 28 26 315 

Maria Cristina                             

No works avg 0.5 3.4 1.4 14 1.3 0.4 0.6 30 0.1 8 2.5 0.3 0.6 0.2 0.4 7.0 0.3 0.1 0.1 24 208 110 212 1151 

std 0.1 1.8 0.4 4 0.3 0.1 0.1 11 0.1 1 0.8 0.1 0.1 0.1 0.1 1.6 0.2 <0.1 <0.1 8 62 32 57 441 

Addition 

of ballast 

avg 0.6 3.3 1.5 15 1.4 0.5 0.8 32 0.1 9 2.4 0.4 0.7 0.3 0.4 7.1 0.2 0.2 0.1 27 226 118 223 1278 

std 0.2 0.8 0.6 6 0.5 <0.1 0.2 14 0.1 3 0.5 0.1 0.2 0.1 0.2 1.3 <0.1 <0.1 <0.1 12 93 47 72 543 

Fault  

vehicle 

avg 0.9 2.6 2.0 19 1.8 0.3 1.2 46 0.1 10 2.7 0.4 0.9 0.4 0.6 7.9 0.2 0.2 0.1 37 310 169 272 1775 

std 0.5 3.4 1.4 14 1.3 0.4 0.6 30 0.1 8 2.5 0.3 0.6 0.2 0.4 7.0 0.3 0.1 0.1 24 208 110 212 1151 
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Figure 62. Average chemical composition in µg m-3 (major components grouped according to similar 

origin/properties) for the periods without works and during the ballast operations at Palau Reial and 

Maria Cristina stations. 

 

Figure 63 shows the ratio between the concentrations of major species and trace 

elements present on the platform after nights with and without ballast application. The ratios 

exceeding unity indicate how the concentrations of most of the components and trace 

elements increased during the ballast application. The chemical signature of additional crustal 

mineral dust is much more obvious in the Palau Reial data, as demonstrated for example by 

the high values of Al, Ti and Rb. 

 

 

Figure 63. Ratio between concentrations of major species and trace elements during ballast addition 
and concentrations during the normal conditions (no night works being carried out) for Palau Reial 
and Maria Cristina.  
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During the sampling period at Palau Reial there were three North African dust intrusion 

events reported for Barcelona, involving a total period of 14 days (9-17/04; 23-26/04; 5/05). In 

addition the two days of 12th and 13th April were reported to involve the arrival of biomass 

burning plumes. There were also a total of around 11 days when above average concentrations 

of secondary inorganic compounds can be seen in our database, these minor SIC events being 

recognisable in the mass-normalised database by increases in some or all of sulphate, nitrate, 

chloride and ammonium ions, commonly accompanied by higher levels of associated trace 

elements such as V, Cd, Se, Ni and/or Pb. Other notable SIC arrivals occurred on 18th April, 

immediately after the first NAF (5.2 µg m-3 SO4), during the second NAF event (peaking on 26th 

April with 9.3 µg m-3 SO4), and on the 1st and 3rd of May (7.8 & 6.3 µg m-3 SO4). During the 

campaign at Maria Cristina NAF conditions were recorded only for the first two days (14-15th 

May), and biomass burning events for 29th May and 8th June, but all of these were minor and 

had no obvious influence on subway PM. In contrast the data reveal around 10 days with an 

SIC chemical signature at Maria Cristina, similar to the Palau Reial data, again indicating 

infiltration of outdoor air on to the subway platform. 

Closer analysis of the mass-normalised chemical data from Palau Reial reveals how many 

ŜƭŜƳŜƴǘǎ ŘŜƳƻƴǎǘǊŀǘŜ ŎƭŜŀǊ ǇǊŜŦŜǊŜƴŎŜǎ ŦƻǊ ŎŜǊǘŀƛƴ ƎǊƻǳǇƛƴƎǎΦ ¢Ƙǳǎ ŀ άŎǊǳǎǘŀƭ ǎƛƭƛŎŀǘŜ ƎǊƻǳǇέ 

is defined by Al, Ca, K, Na, Mg, Ti, P, Rb, Nd, W, U, a άǎǳƭǇƘŀǘŜ ƎǊƻǳǇέ ƛƴŎƭǳŘŜǎ {h4, NH4, V, Co, 

aō ŀƴŘ {ōΣ ŀ άƴƛǘǊŀǘŜ ƎǊƻǳǇέ ƛƴŎƭǳŘŜǎ bh3, Na, As, Se, Cd, Cl and Zn. A metalliferous chemical 

group including Fe, Mn, Ba, Ni and Total Carbon shows little variation (<10%) and is likely to 

represent a background άǎǳōǿŀȅέ ŎƻƳǇƻƴŜƴǘ ǳƴŀŦŦŜŎǘŜŘ ōȅ ƛƴŦƛƭǘǊŀǘƛƻƴ ƻŦ ƻǳǘŘƻƻǊ ŀƛǊ ƻǊ 

ōŀƭƭŀǎǘ ǿƻǊƪΦ ¢ƘŜ aŀǊƛŀ /Ǌƛǎǘƛƴŀ ŘŀǘŀōŀǎŜ ǎƘƻǿǎ ƳǳŎƘ ƭŜǎǎ άŎǊǳǎǘŀƭέ ƛƴŦƭǳŜƴŎŜΣ ōǳǘ ǘƘŜ 

presence of the infiltrating sulphate group and the metalliferous subway component is very 

obvious. 

The chemical data also indicate that at Palau Reial ambient levels of mineral dust were 

higher during and after the ballast addition night works. Thus concentrations of Al rose from 

an average of 0.45 µg m-3 before the works to 0.89 µg m-3 during the work programme, 

reached a peak of 1.57 µg m-3 on the final night of ballast addition, and stayed at an average of 

around 1 µg m-3 ƻǾŜǊ ǘƘŜ ǎǳōǎŜǉǳŜƴǘ ǿŜŜƪΦ ¢ƘŜ ǎŀƳŜ ǇŀǘǘŜǊƴ ƛǎ ǊŜǇŜŀǘŜŘ ōȅ ƻǘƘŜǊ άŎǊǳǎǘŀƭέ 

elements such as Ti (32, 44, 48 ng m-3), Rb (0.72, 1.19, 1.41 ng m-3), and Nd (0.3, 0.44, 0.50 ng 

m-3). Another subtle but interesting observation is that the La/Ce ratio in ambient PM2.5 

decreases from an average of 0.53 before ballast works began to 0.48-0.47 during and after 

works, comparable to the Le/Ce value for the granitic ballast (0.47, see Table 26). Any La and 

Ce sourced from subway components such as brakes (which can contain as much as 20 ppm 

Ce) is likely to display a La/Ce of 0.5 or greater (Table 26). Not only does the chemical 

composition become more άŎǊǳǎǘŀƭέ ŘǳǊƛƴƎ ŀƴŘ ŀŦǘŜǊ ǘƘŜ ǿƻǊƪǎΣ ōǳǘ ƛǘ ƳƻǾŜǎ ŎƭƻǎŜǊ ǘƻ ǘƘŜ 

specific composition of the ballast being laid, strongly implicating rock dust as an additional 

contaminant present on the platform during operational hours. 
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 Poble Sec 

The chemical composition of PM2.5 samples collected at Poble Sec during this monitoring 

campaign are presented in Table 35, with an average for the whole campaign being compared 

to those days when ballast addition and track tamping with and without dust suppressant. 

Equipment failure at the beginning of the campaign meant that we were unable to obtain 

filters before the first night work week began (so for PM mass levels before 19th September 

see Figure 25 in section 3.1.4). Another problem was the arrival in Barcelona of a North African 

desert dust event on 4-6th October, this interfering with the monitoring campaign measuring 

the two last days using ballast coated with dust suppressant. 

The most abundant trace metals are Ba (1167 ng m-3), Zn (240 ng m-3), Mn (184 ng m-3) 

and Cu (108 ng m-3), these being sourced primarily from brakes and rails (Table 35). 

9ȄŀƳƛƴŀǘƛƻƴ ƻŦ ŀƴŀƭȅǎŜǎ ŦǊƻƳ ƛƴŘƛǾƛŘǳŀƭ Řŀȅǎ ǊŜǾŜŀƭǎ ǘƘŜ άŎǊǳǎǘŀƭέ ǎƛƎƴŀǘǳǊŜ ƻŦ ta2.5 chemistry 

on platforms during days after ballast work took place. Mass-normalised values show Al, Li and 

Rb to all have their top three maxima during days immediately after ballast tamping. In 

contrast, SO4, As, Se, and Total Carbon all show their top three maxima on SIC days when no 

ballast work was taking place. 

Figure 64 compares the main chemical components for the PM2.5 filter samples collected 

on the platform of Poble Sec. All samples show the usual subway chemical signature 

dominated by ferruginous material (30-36 µg m-3), followed by carbonaceous aerosols (CA: 21-

22 µg m-3), crustal material (9-13 µg m-3) and sulphate (3 µg m-3). These results are closely 

comparable from those obtained from Maria Cristina station (see previous section). In addition 

however is the observation that railtrack tamping appears to result in increased levels of both 

ferruginous (by 20%) and crustal dust (by 55%) on the platform during the following day. This 

increase was most marked after the day when tamping ballast coated with polymer dust 

suppressant had taken place, and may suggest that more dust dislodged from the track had 

remained on the platform area, having travelled less far from the worksite than would more 

normally be the case. However, given the coincidence in part with a NAF episode, we remain 

cautious about over-interpreting this observation and recommend further work. 
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Table 35. Concentrations of major components of PM2.5 at Poble Sec station for the days when no ballast was processed (no works) and the days when ballast was 

processed (works). 

  n PM2.5 Al2O3 Fe2O3 TiO2 K2O P2O5 SO4
2- TC 

Whole campaign avg 22 77 1.2 30.5 0.1 0.4 0.1 3.2 15 

std  16 0.4 8.3 <0.1 0.1 <0.1 0.9 2.8 

Addition of ballast avg 2 72 1.0 27 0.1 0.3 0.1 2.8 14 

std  3 0.1 3 0.0 <0.1 <0.1 0.1 0.2 

Track tamping avg 2 75 1.6 29 0.1 0.5 0.1 2.8 14 

std  5 0.5 0.1 <0.1 0.1 <0.1 0.7 1 

Addition of ballast with 

dust suppressant 

avg 2 87 1.3 38 0.1 0.3 0.1 3.4 16 

std  19 0.7 10 <0.1 0.2 <0.1 0.6 3 

Track tamping after 

dust suppressant  

avg 1 114 2.4 50 0.1 0.7 0.1 3.4 20 

std          

 
 n Li V Co Ni As Se Rb Sr Cd Sn Sb La Ce Nd W Pb Bi Th U Cr Mn Cu Zn Ba 

Whole 

campaign 

avg 22 0.8 4.6 1.3 11.9 2.3 0.2 1.0 32.9 0.3 9.4 3.0 0.7 1.4 0.3 0.5 7.3 0.3 1.1 0.2 25 189 114 244 1177 

std  0.2 1.7 0.3 2.7 0.5 0.1 0.4 8.5 0.1 2.3 0.6 0.2 0.3 0.1 0.2 2.1 0.2 0.2 <0.1 7 51 34 62 279 

Addition 

of ballast 

avg 2 0.7 4.1 1.2 10.4 2.1 0.2 0.8 32 0.3 9.0 3.1 0.7 1.2 0.3 0.3 0.4 6.0 0.3 0.9 23 173 104 253 1176 

std  <0.1 0.8 0.1 1.2 <0.1 <0.1 <0.1 4 0.1 1.4 <0.1 <0.1 0.1 0.1 <0.1 <0.1 0.3 0.1 0.0 4 18 6 17 112 

Track 

tamping 

avg 2 0.9 7.6 1.3 13.0 2.3 0.2 1.6 30 0.3 8.8 3.2 0.8 1.5 0.3 0.5 0.6 8.3 0.2 1.2 25 181 117 228 1062 

std  0.1 4.9 <0.1 2.5 0.2 0.1 0.6 1 0.1 1.0 0.2 0.2 0.3 0.1 0.1 0.1 2.4 0.1 0.2 4 1 17 9 3 

Addition 

ballast* 

avg 2 0.9 5.4 1.6 14.5 2.7 0.3 1.1 37 0.4 11.3 3.2 0.7 1.3 0.4 0.4 0.6 8.6 0.2 1.1 29 240 148 291 1342 

std  0.4 1.0 0.4 2.8 0.6 0.1 0.8 10 0.1 3.2 0.8 0.3 0.5 0.1 0.2 0.3 2.7 0.1 0.2 8 59 43 60 349 

Track 

tamping* 

avg 1 1.5 3.8 2.0 16.9 3.3 0.3 2.4 5 0.6 15.1 4.4 1.2 2.1 0.6 0.7 1.0 12.5 0.3 1.4 39 308 207 350 1743 

std                          

* with dust suppresant 
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Figure 64. Average chemical composition in µg m-3 (major components grouped according to similar 
origin/properties) for the periods without works and during the ballast operations at Poble Sec 
station. 

 

Figure 65 (below) compares the ballast work-related samples with the average for the 

ǿƘƻƭŜ ŎŀƳǇŀƛƎƴΣ ŀƴŘ ŀƎŀƛƴ ŜƳǇƘŀǎƛǎŜǎ ǘƘŜ ƳƻǊŜ άŎǊǳǎǘŀƭέ ŎƘŜƳƛŎŀƭ ŎƘŀǊŀŎǘŜǊ ƻŦ ǘƘŜ ŀƳōƛŜƴǘ 

PM2.5 sampled during the days immediately after ballast tamping. Note in particular the 

usefulness of Al, Li, Rb and Ti as tracers for silicate rock dust. 

 

Figure 65. Ratio between concentrations of major species and trace elements during ballast addition 
and track tamping and concentrations during the normal conditions (no night works being carried out) 
for Poble Sec.  
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 Tarragona 

The chemical composition of PM2.5 sampled at Tarragona station is shown in Table 36 as 

averages for the different ventilation settings. These data demonstrate that the worsening in 

air quality on the platform when fans operating at higher power are reversed from impulsion 

to extraction is primarily due to an increase in ferruginous particles (FePM measured as Fe2O3 

rises by over 30%) and to a lesser extent carbonaceous particles (up 13%). The extra loading in 

FePM adds over 10 µg m-3, to ambient levels of PM2.5. In contrast, concentrations of crustal 

mineral particles, as reflected by Al content, appear relatively unaffected. The increase in Fe is 

accompanied by similarly substantial increases (in descending order from 43% to 24%) in Zn, 

As, Co, Mn, Cr, Sn, Sb, Cu, Ni, Sr, and Ba. These observations confirm that it is the tunnel air 

contaminated by metalliferous particles mostly sourced from brakes, rails and wheels that is 

being sucked into the station by platform fans extracting air at higher power.  

The main chemical components present in platform air under the four different conditions 

studied are compared in the histograms on Figure 66. Once again the four main components 

show the usual hierarchy of ferruginous PM> carbonaceous PM> crustal PM > Secondary 

Inorganic Compounds. Similarly clear is the increase in FePM when impulsion fans operating at 

higher power are switched to extraction. The four chemical components were present in very 

similar concentrations under WTV for standard and non-standard ventilation conditions with 

Fe2O3 varying from 35-37 µg m-3, carbonaceous aerosols (CA) from 19-18 µg m-3, crustal 

material 9-8 µg m-3 and sulphate 2-3 µg m-3.  

 

 

Figure 66. Average chemical composition in µg m-3 (major components grouped according to similar 
origin/properties) for normal ventilation settings and for reduced ventilation settings. SO4

2- 
concentrations are only shown for WTV, whereas SIC and Na+Cl is only shown for STV. 
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Table 36. Concentrations of major components and trace elements of PM2.5 at Tarragona station for the normal ventilation settings and for reduced ventilation settings. 

Stronger ventilation  n PM2.5 Al2O3 Fe2O3 TiO2 K2O P2O5 TC ws-SO42- ws-NO3- ws-Cl- ws-NH4
+ 

Standard ventilation  avg 14 60 0.9 29.8 0.05 0.3 0.06 12.1 2.9 0.5 0.1 0.6 

std  14 0.2 7.5 0.01 0.2 0.04 3.0 0.7 0.2 0.2 0.2 

Modified ventilation  avg 7 73 1.0 40.8 0.09 0.4 0.06 13.7 3.1 0.6 0.2 0.7 

std  22 0.3 14.2 0.10 0.3 0.01 3.3 0.8 0.1 0.2 0.3 

Weaker ventilation              

Standard ventilation  avg 13 80 1.1 35.3 0.06 0.3 0.08 13.6     

std  18 0.5 10.2 0.02 0.1 0.06 2.9     

Modified ventilation  avg 7 81 1.1 37.2 0.06 0.3 0.07 13.0     

std  17 0.3 9.7 0.02 0.1 0.01 3.0     

 
Stronger ventilation Li V Co Ni As Se Rb Sr Cd Sn Sb La Ce Nd W Pb Bi Th U Cr Mn Cu Zn Ba 

Standard  avg 0.6 3.9 1.4 15 1.7 0.5 0.8 28.9 0.1 6.8 2.2 0.4 0.8 0.3 0.3 6.6 0.3 0.1 0.1 24 205 97 200 1115 

std 0.2 1.5 0.3 3 0.3 0.2 0.2 8.6 0.3 1.9 0.7 0.1 0.2 0.1 0.1 2.3 0.4 <0.1 0.1 6 49 23 52 323 

Modified avg 0.7 4.7 1.9 19 2.4 0.4 0.9 36.1 0.1 9.0 2.9 0.5 0.9 0.3 0.4 12.2 0.4 0.1 0.1 32 275 126 285 1384 

std 0.2 1.4 0.6 5 0.7 0.1 0.3 13.4 0.1 2.6 0.8 0.1 0.2 0.1 0.1 10.0 0.4 <0.1 <0.1 12 94 44 113 466 

Weaker ventilation Li V Co Ni As Se Rb Sr Cd Sn Sb La Ce Nd W Pb Bi Th U Cr Mn Cu Zn Ba 

Standard  avg 0.6 6.0 1.7 19 2.1 0.3 0.8 43.3 0.2 8.3 2.4 0.6 1.1 0.2 0.7 7.5 0.3 <0.1 0.1 34 233 138 303 1492 

std 0.2 2.5 0.5 5 0.5 0.1 0.3 13.5 0.1 2.7 0.7 0.2 0.3 0.1 0.3 2.9 0.4 0.1 0.1 11 68 43 86    433 

Modified  avg 0.6 5.7 1.8 19.7 2.2 0.3 0.9 41.7 0.2 8.7 2.5 0.7 1.2 0.3 0.8 8.3 0.2 <0.1 0.2 36 236 131 329 1451 

std 0.2 4.4 0.4 4.3 0.3 0.1 0.3 12.8 <0.1 1.4 0.4 0.1 0.2 0.1 0.2 1.8 0.1 <0.1 <0.1 9 61 34 35 467 
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Figure 67 shows the ratio between the concentrations of major species and trace elements 

during normal and modified ventilation. The ratios exceeding unity indicate the increase in 

concentration presumably attributable to the change in the ventilation settings. The rise in 

subway-sourced metallic element concentrations under stronger extraction of air from the 

platform to outdoors is clearly demonstrated in this figure.  

 

 

Figure 67. Ratio between concentrations of major species and trace elements during stronger and 
weaker reversed ventilation and normal ventilation settings.  

 

Close examination of the individual day chemical data again reveals the recurring presence 

of sulphatic SIC pollutants (13-16, 20, 25-26, 30-31 March, 2-4, 10 April, 7-9 May, 10-14, 20-21, 

27-28 June), presumably infiltrated from contaminated outdoor city air. During such days 

levels of SO4 on the platform rose to up to 5 µg m-3, typically accompanied by higher 

concentrations of NH4Σ ±Σ {ŜΦ Lƴ ŀŘŘƛǘƛƻƴ ƳƛƴƻǊ άŎǊǳǎǘŀƭ ǎƛƭƛŎŀǘŜέ ŜǾŜƴǘǎ ƳŀǊƪŜŘ ōȅ ƘƛƎƘŜǊ ƭŜǾŜƭǎ 

of Al and other related elements can be recognised from the database (29 February, 1, 3-4 

March, 7 April, 10-14 June). Further evidence of outdoor air infiltration is obtained from an 

examination of the data from 24 June when firework-contaminated air in the subway caused 

concentration spikes in K, Sr and Sb, all elements well known to be characteristic of fireworks. 
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 Collblanc 

The chemical composition of PM2.5 present in ambient platform air at the deep, modern 

station of Collblanc (L9S) is shown in Table 37 which compares data with tunnel ventilation 

switched on and off, and includes data from the non-operational platform closed to public 

located on the floor above the one in use. Under normal ventilation conditions carbonaceous 

particles were more abundant than FePM, followed in turn by crustal then sulphate aerosols. 

The reduced amount of FePM, at just 4.2 µg m-3, is particularly impressive when compared 

with older metro lines in Barcelona. This hierarchy of CA>Fe>Crustal>Sulphate underwent a 

striking change once the tunnel fans were switched off (Figure 68). With the lack of air 

impulsion from outside, the diluting influence of outdoor ambient air immediately decreased 

and particles sourced from within the subway became dominant. Ferruginous particles now 

became by far the most abundant group (Fe2O3 27 µg m-3), followed by carbonaceous aerosols 

(CA 7 µg m-3), crustal material (4 µg m-3) and sulphate (2 µg m-3), reverting to the typical 

hierarchy shown in our studies of other subway stations. In the case of the non-operational 

platform the compositional hierarchy was similar to the one in use, although all chemical 

components concentrations were even lower, except for sulphate (2 µg m-3). In this platform 

Fe2O3 concentrations were as low as 1 µg m-3, a record for any station measured in Barcelona, 

indicating a strong lack of particles emitted by train movement.  

The concentrations of trace metals followed the same pattern and thus the Collblanc 

experiment offered an excellent opportunity to examine the detailed chemical character of the 

άǎǳōǿŀȅέ CŜta ǎƻǳǊŎŜΦ hƴŎŜ ǘƘŜ ǘǳƴƴŜƭ Ŧŀƴǎ ǿŜǊŜ ǘǳǊƴŜŘ ƻŦŦΣ ƭŜǾŜƭǎ ƻŦ CŜΣ aƴ ŀƴŘ /r all 

ƛƴŎǊŜŀǎŜŘ ōȅ ǎƛȄ ƻǊ ǎŜǾŜƴŦƻƭŘΦ ¢ƘŜ ƭƛƪŜƭȅ ǎƻǳǊŎŜǎ ŦƻǊ ǘƘŜǎŜ άǎǳōǿŀȅ ƳŜǘŀƭǎέ ŀǊŜ ƭƛǎǘŜŘ ƛƴ ¢ŀōƭŜ 

20 which shows that all three are present in train wheels (980,000 ppm Fe; 7,000 ppm Mn, 1-

2000 ppm Cr), rails (980,000 ppm Fe; 10,750 ppm Mn; 75 ppm Cr) and brakes (333,500 ppm 

Fe; 2615 ppm Mn; 159 ppm Cr). The fact that all three elements similarly increased by x6-7 

implicates train wheels as a likely important source for FePM, given the relatively small 

amount of Cr in the other two components. Cobalt is another trace element similarly 

implicated in train wheel wear, with increases from 0.1-0.2 ng m-3 up to 1.0 ng m-3 once the 

tunnel fans were not operating. In the subway environment this metal is most abundantly 

present in train wheels (80 ppm) and brakes (17 ppm), and is virtually absent from rail steel 

(Table 26).  

Another trio of trace elements that can be identified from the Collblanc database is that 

of Ba, Zn and Sb, all of which increased substantially once tunnel ventilation was turned off on 

16th May. In this case a likely important source implicated is brake wear, given the composition 

of the brakes used in L9: 17,199 ppm Ba; 67,279 ppm Zn; 3,879ppm Sb (Brake 1 Table 26). 

Antimony, which shows the highest increase of the three, is most likely also being sourced 

from the pantograph (30 pm Sb), wheels (up to 24 ppm Sb) and rail (10 ppm Sb). Finally, Cu 

showed the most extreme increase in airborne concentration in the absence of tunnel fans, 

jumping from just 8 ng m-3 up to 119 ng m-3 from the 15th to 16th of May. This is most likely due 

to the fact that this metal is present not only in brakes (77,766 ppm), wheels (up to 1,960 

ppm), and to a minor extent from in rails (170 ppm), but it is the most important trace element 

in the pantographs used in L9 (197,104 ppm Cu). 
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Table 37. Concentrations of major components and trace elements of PM2.5 at Collblanc station with the tunnel ventilation (TV) on and off. 

TV on  n PM2.5 Al2O3 Fe2O3 TiO2 K2O P2O5 TC SO4
2- ws-NO3- ws-Cl- ws-NH4

+ 

Operational platform avg 31 25 0.4 4.2 0.01 0.33 0.04 5.38 1.8    

std  5 0.1 2.1 0.01 0.83 0.02 3.03 1.5    

Non-operational 

platform  

avg 13 19 0.4 1.1 0.01 0.13 0.05 4.47 2.1    

std  4 0.2 0.3 0.01 0.07 0.01 1.24 0.4    

TV off              

Operational platform avg 13 58 0.7 27.4 0.03 0.29 0.06 7.43 2.9    

std  8 0.2 5.2 0.01 0.09 0.01 3.84 1.6    

 

 
TV on Li V Co Ni As Se Rb Sr Cd Sn Sb La Ce Nd W Pb Bi Th U Cr Mn Cu Zn Ba 

Operational 

platform 

avg 0.1 4.0 0.2 3.4 0.3 0.2 0.3 2.5 0.1 2.0 2.3 0.2 0.3 <0.1 3.1 0.3 0.1 0.2 <0.1 3.1 33 16 37 11 

std 0.1 2.4 0.1 1.1 0.1 0.1 0.1 1.1 0.1 0.9 1.1 <0.1 0.1 <0.1 1.7 0.3 <0.1 0.1 <0.1 1.6 16 9 23 4 

Non-oper. 

platform  

avg 0.1 5.1 0.2 3.4 0.3 0.2 0.2 1.6 0.1 1.7 0.8 0.2 0.3 <0.1 3.2 0.2 0.1 0.2 <0.1 1.7 10 7 35 7 

std <0.1 3.0 0.1 1.7 0.2 <0.1 0.1 0.8 <0.1 0.8 0.2 0.1 0.1 <0.1 1.5 0.1 <0.1 0.1 <0.1 0.7 4 2 16 3 

TV off Li V Co Ni As Se Rb Sr Cd Sn Sb La Ce Nd W Pb Bi Th U Cr Mn Cu Zn Ba 

Operational 

platform 

avg 0.4 5.7 0.8 7.2 0.8 0.3 0.8 6.0 0.1 3.4 12 0.2 0.5 0.1 5.8 0.3 0.1 0.2 0.1 18 200 131 111 28 

std 0.4 5.7 0.8 7.2 0.8 0.3 0.8 6.0 0.1 1.6 3 <0.1 0.1 <0.1 4.3 0.6 0.1 0.1 <0.1 3 38 30 103 10 
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Figure 68. Average chemical composition in µg m-3 (major components grouped according to similar 
origin/properties) for normal ventilation settings and for reduced ventilation settings.  
 

Figure 69 shows the ratio between the concentrations of major species and trace 

elements when the TV was off and in the non-operational platform respect to the background 

situation (TV on in operational platform). The ratios exceeding unity indicate how the 

concentrations of most of the components and trace elements increased when TV was not 

functioning. It can be seen that the vast majority of elements were higher when the TV was off 

and also that sulphate and V were higher in the non-operational platform compared to the one 

used by passengers (ratio >1), which may be due to the frequent pass of maintenance heavy 

vehicles (diesel ran) in this railtrack. The pass of these vehicles was recorded by the Dust Track 

equipment (as discussed in previous sections) when extreme transient peaks were registered 

in daytime hours. The frequency of these peaks would explain why the average Dust Track 

PM2.5 value for this platform was 28 µg m-3 while this value is 19 µg m-3 when measured by 

weighing of filters. 

 

 

Figure 69. Ratio between concentrations of major species and trace elements during reduced 
ventilation settings and normal ventilation settings.  
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The influence of outdoor air, observed by comparing with the Barcelona background 

outdoor monitoring station at Palau Reial (Figure 41), is reflected in the PM chemistry. Several 

short events involving an increase in the concentrations in platform air of Secondary Inorganic 

Compounds, notably sulphate, ammonium and V, can be seen in the database when the tunnel 

fans were operating normally (e.g. 28th May and 13th June). More surprising is the pollution 

event of 8th June when a combined NAF+SIC event increased levels of almost all elements 

underground, including 8.3 µg m-3 SO4, 1.6 µg m-3 NH4 and 12.3 ng m-3 V. This event was 

recorded on the platform despite the fact that the tunnel fans were switched off, indicating 

that some connection with outdoor air was maintained, either through the Collblanc 

ventilation system or those of adjacent stations. 

The most spectacular example of outdoor air infiltration however took place during the 

fireworks festival of San Juan (23rd -24th June). On 23rd June, with tunnel fans working as 

normal, levels of Ba suddenly rose from 18 to 338 ng m-3, Sr from 3 to 59 ng m-3, and K from 

0.2 to 3.9 µg m-3. This dramatic rise in these three classic firework tracers was accompanied by 

notable increases in Mg, Rb, As, Pb, Bi and Cu, all also known to be characteristic of firework 

emissions. Given these levels, it is likely that increases occurred in most or all other stations 

and that the entire subway network was affected. The exceptional nature of this pollution 

event can be appreciated in the light of the fact that normal background levels of the three 

main firework tracers in Barcelona are 5.2 ng m-3 for Ba, 0.8 ng m-3 for Sr, and 0.1 µg m-3 for K. 

 

 

 Air Purifiers in Tarragona and Palau Reial 

Average chemical compositions of PM2.5 sampled at Tarragona station before, during and after 

air purifiers were being tested are shown in Table 38, including a comparison between locating 

one of the purifiers close to (end-platform) or away from (mid-platform) the monitoring 

equipment.  

The reduction in PM levels when the air purifier A was placed next to the monitoring 

equipments at the end of the platform during the daytime, as noted previously in the Dust 

Track data, is also recorded in the chemical data (Figure 70). Fe2O3, crustal material and CA all 

decreased in unison by 22-23%, whereas sulphate levels were unaffected. Similar decreases by 

нл҈ ƻǊ ƳƻǊŜ ŀǊŜ ǎƘƻǿƴ ōȅ ŀƭƭ ǘƘŜ ǘȅǇƛŎŀƭ άǎǳōǿŀȅέ ǘǊŀŎŜ ƳŜǘŀƭǎ ƻŦ .ŀΣ /ǊΣ aƴΣ {ōΣ /ƻΣ /ǳΣ ŀƴŘ 

Zn. Interestingly elements normally more associated with sulphate intrusions, such as V, Se, As 

and Ni decreased less or not at all. One conclusion to be reached from these observations is 

that air purifier air does not preferentially fractionate most of the particles, with crustal, 

carbonaceous and ferruginous PM being trapped equally, but that the purifier appears much 

less able to trap fine sulphate particles. The latter limitation, of course, is not a problem in the 

subway environment where sulphate PM is usually only a few percent of the total.  
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Table 38. Concentrations of major components and trace elements of PM2.5 at Tarragona station with two different air purifiers. 

Tarragona  n PM2.5 Al2O3 Fe2O3 TiO2 K2O P2O5 TC SO4
2- 

Previous condition 

before purifier 10/3/16 

avg 1 81 1.2 36 0.08 0.41 0.08 15 2.82 

std          

Purifier A  

(end of platform) 

avg 11 66 0.9 28 0.05 0.25 0.07 12 2.71 

std  13 0.2 7 0.01 0.07 0.01 2 0.60 

Normal ventilation avg 13 83 1.1 37 0.06 0.32 0.09 14 3.21 

std  16 0.5 9 0.02 0.12 0.06 3 0.91 

Purifier B  

(endo of platform) 

avg 10 172 33.6 37 0.08 1.67 0.08 30 3.10 

std  41 14.3 7 0.03 0.57 0.02 9 0.54 

Previous conditions 

before purifier 25/4/16 

avg 1 87 1.5 39 0.06 0.34 0.07 18 3.05 

std          

Purifier A  

(middle of platform)  

avg 8 87 1.6 40 0.06 0.29 0.07 17 2.75 

std  17 0.4 8 0.01 0.05 0.01 3 0.63 

Normal ventilation avg 7 83 1.2 39 0.06 0.28 0.07 16 3.47 

std  20 0.3 12 0.02 0.04 0.01 4 0.92 
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Tarragona Li V Co Ni As Se Rb Sr Cd Sn Sb La Ce Nd W Pb Bi Th U Cr Mn Cu Zn Ba 

Normal 

ventilation 

avg 0.6 2.9 1.7 16.5 1.9 <0.1 1.0 48 0.2 9.1 2.4 0.7 1.3 0.3 0.9 6.5 0.2 0.2 0.2 38 241 132 290 1756 

std                         

Purifier A  

(end platf.) 

avg 0.5 3.0 1.3 14 1.6 0.1 0.7 35 0.2 6.9 1.8 0.6 1.1 0.3 0.7 5.5 0.2 0.1 0.2 28 182 105 232 1248 

std 0.1 1.3 0.3 3 0.3 0.1 0.2 10 <0.1 1.7 0.5 0.1 0.1 0.1 0.2 1.7 0.1 0.1 0.1 7 44 22 60 294 

Normal 

ventilation 

avg 0.6 5.8 1.8 20 2.2 0.3 0.9 45 0.2 8.8 2.6 0.7 1.2 0.3 0.8 7.7 0.4 <0.1 0.1 36 243 143 319 1556 

std 0.2 2.7 0.4 5 0.5 0.1 0.3 12 0.1 2.5 0.6 0.2 0.3 0.1 0.3 2.8 0.4 0.1 0.1 10 63 40 75 392 

Purifier B  

(end platf.) 

avg 1.0 6.4 1.8 17 2.1 0.3 1.3 50 0.2 9.4 3.1 0.7 1.4 0.4 0.5 8.2 0.2 0.2 0.2 36 2429 139 291 1661 

std 0.3 2.3 0.4 3 0.3 0.1 0.4 10 <0.1 2.1 0.8 0.2 0.4 0.2 0.1 3.2 0.1 0.1 0.1 8 920 28 60 327 

Normal 

ventilation 

avg 0.6 3.0 1.6 15.4 2.0 0.2 0.9 45 0.2 9.2 2.3 0.6 1.1 0.3 0.5 6.9 0.1 0.2 0.3 32 272 143 298 1598 

std                         

Purifier A  

(mid. platf.)  

avg 0.6 4.8 1.7 16 2.0 0.3 0.8 43 0.2 9.5 2.7 0.6 1.0 0.3 0.5 7.4 0.2 0.2 0.2 33 287 147 291 1579 

std 0.1 2.6 0.3 3 0.3 0.1 0.2 11 <0.1 1.8 0.4 0.1 0.1 0.1 0.1 2.1 0.1 <0.1 0.1 7 61 32 52 428 

Normal 

ventilation 

avg 0.6 5.7 1.6 16 2.1 0.3 0.8 44 0.2 9.1 2.3 0.7 1.2 0.3 0.5 7.4 0.3 0.2 0.3 32 261 139 264 1621 

std 0.2 1.2 0.5 4 0.5 0.1 0.2 10 0.1 3.2 0.5 0.1 0.2 0.1 0.1 2.0 0.3 <0.1 <0.1 10 81 43 73 379 
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The chemical data on Table 38 confirm that the purifier improves air quality in its 

immediate surrounding area, but not some tens of metres away (in this case halfway down the 

platform) where there was no observable effect. They also demonstrate the spectacular effect 

of equipment malfunction in the case of purifier B, most notably in the concentrations of Al, 

Mn and, to a lesser extent, carbonaceous material. Finally, Figure 71 shows the ratio between 

the concentrations of major species and trace elements when the air purifiers were operating 

in the platform. The generally consistent performance of purifier A when in the end-platform 

position adjacent to the monitoring equipment is again clear from this diagram. 

 

 

Figure 70. Average chemical composition in µg m-3 (major components grouped according to similar 
origin/properties) for all ventilation settings considered.  

 
 

 

Figure 71. Ratio between concentrations of major and trace elements during the use of air purifiers.  
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In the case of Palau Reial the composition of PM2.5 while air purifiers were tested is shown 

in Table 41 which allows comparison between each different period with and without the 

purifiers at the end of the platform. In this station both purifiers were located in the same 

place but in different weeks. During this 28-day experiment daily PM levels in Palau Reial 

station were extremely variable, ranging from <35 µg m-3 to >100 µg m-3. There was clear 

connection between platform and outside air, with both SIC and crustal events being 

recognisable, especially in the second half of the sampling campaign. The result of this 

variability in daily PM levels was to mask any cleansing effect attributable to the purifiers so 

that the changes in concentrations recorded by Table 39 and Figure 72 are not statistically 

significant. The problem is demonstrated, for example, by the fact that PM levels over doubled 

on the last day when purifier A was in use. Similarly confounding is the observation that PM 

levels fell the first day after purifier B was switched off. We conclude from such observations 

that the efficacy of these purifying machines will only be clear where the station is less subject 

to strong influence from outdoor conditions, as was the case for Tarragona (Figure 45). 

 

 

Figure 72. Average chemical composition in µg m-3 (major components grouped according to similar 
origin/properties) for all ventilation settings considered.  

 

The ratio between the concentrations of major species and trace elements immediately 

ōŜŦƻǊŜ όάtǊŜǾƛƻǳǎ /ƻƴŘƛǘƛƻƴǎέύ ŀƴŘ ŘǳǊƛƴƎ when the air purifiers were operating in the 

platform (Figure 73). The data for purifier B shows a relative lowering of most elements, but 

ŜǎǇŜŎƛŀƭƭȅ ǘƘƻǎŜ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǎǳƭǇƘŀǘŜΣ ŎǊǳǎǘŀƭ ŀƴŘ ŎŀǊōƻƴŀŎŜƻǳǎ ǇŀǊǘƛŎƭŜǎΦ ¢ƘŜ άǎǳōǿŀȅ 

ƳŜǘŀƭέ ŎƻƳǇƻƴŜƴǘ ƘƻǿŜǾŜǊ ƛǎ ǾƛǊtually unaffected. Variations in PM concentration on Palau 

Reial station during the sampling period varied considerably due to outdoor influences which 

had a greater effect on aerosol levels than the purifiers. 
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Table 39. Concentrations of major components and trace elements of PM2.5 at Palau Reial with two different air purifiers. 

Palau Reial  n PM2.5 Al2O3 Fe2O3 TiO2 K2O P2O5 TC SO42- 

Previous conditions before purifier 

15/10/16 

avg 1 42 0.5 17 <0.1 0.1 0.1 9 1.6 

std          

Purifier A  

(end of platform) 

avg 7 47 0.6 18 <0.1 0.1 0.1 10 1.8 

std  11 0.2 5 <0.1 <0.1 <0.1 3 0.7 

Previous conditions before purifier 

1/11/16 

avg 1 63 0.8 23 <0.1 0.2 0.1 15 5.4 

std          

Purifier B  

(end of platform) 

avg 7 52 0.8 22 0.1 0.2 0.1 11 2.5 

std  14 0.2 6 0.1 0.1 <0.1 4 1.2 

 

 
Palau Reial Li V Co Ni As Se Rb Sr Cd Sn Sb La Ce Nd W Pb Bi Th U Cr Mn Cu Zn Ba 

Normal 

ventilation 

avg 0.4 2.5 0.7 6.6 0.9 0.2 0.3 15.7 0.1 5.8 1.5 0.4 0.8 0.1 0.3 3.3 0.2 0.1 0.1 12 92 58 113 525 

std                         

Purifier A  

(end platf.) 

avg 0.4 2.5 0.7 7.3 0.9 0.2 0.3 17.2 0.1 5.0 1.6 0.4 0.7 0.2 0.3 3.9 0.2 0.1 0.1 15 97 58 125 587 

std 0.1 1.6 0.2 2.2 0.2 0.1 0.1 4.6 <0.1 1.4 0.6 0.1 0.2 0.1 0.1 1.7 0.1 <0.1 <0.1 4 25 15 31 149 

Normal 

ventilation 

avg 0.6 3.1 0.9 7.7 1.0 0.3 0.5 25.2 0.2 7.2 2.1 0.5 0.9 0.3 0.4 5.7 0.4 0.1 0.2 19 121 89 183 845 

std                         

Purifier B  

(end platf.) 

avg 0.5 2.3 1.0 6.7 1.0 0.2 0.5 23.0 0.1 6.7 1.9 0.5 0.8 0.3 0.3 5.7 0.3 0.1 0.2 18 118 82 183 773 

std 0.1 1.3 0.3 2.2 0.2 0.1 0.1 7.2 <0.1 1.9 0.6 0.1 0.2 <0.1 0.1 1.9 0.2 <0.1 <0.1 5 32 27 50 251 
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Figure 73. Ratio between concentrations of major and trace elements during the use of air purifiers.  
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4. CONCLUSIONS 

In this report we have presented detailed results on each of the sampling campaigns organised 

under the IMPROVE LIFE project. The value of these results in terms of what they can teach us 

about the various contributions to the mix of fine particulates breathed underground, and the 

implications for air quality mitigation measures, may be summarised as follows: 

a.  Night maintenance work in the subway typically produces transient peaks in particle 

concentrations that can be measured on the nearest platform, commonly exceed 200 µg 

m-3, and in extreme cases can exceed 1000 µg m-3. 

b. The data from the Sagrera, Santa Coloma, Palau Reial, Maria Cristina and Poble Sec 

campaigns demonstrate that dust emissions from tunnel night work typically result in 

poorer platform air quality at the beginning of daytime train operations. This additional 

airborne PM loading declines over the working day. At Sagrera, for example, the 

additional works-related extra PM2.5 loading on the platform at the beginning of the day 

was typically around 10 µg m-3. This increase in ambient PM mass can be due to a rise in 

coarse inhalable particles (PM2.5-10ύ ǿƛǘƘ ŀ ŘƛǎǘƛƴŎǘƛǾŜ άŎǊǳǎǘŀƭέ ŎƘŜƳƛŎŀƭ ǎƛƎƴŀǘǳǊŜΣ 

strongly implicating ballast mineral dust as a likely source. However this extra night time 

άōŀƭƭŀǎǘ ǿƻǊƪ ŜŦŦŜŎǘέ ōŜŎƻƳŜǎ ŘƛǎǇŜǊǎŜŘ ŀƴŘ ŘƛƭǳǘŜŘ ŘǳǊƛƴƎ ǘƘŜ ŦƻƭƭƻǿƛƴƎ day by tunnel 

air currents driven by trains and ventilation systems. 

c. The experiment performed in Poble Sec station indicates that treating rock ballast with a 

polymer dust suppressant rather than simply washing it with water has the effect of 

reducing dust generation during night work. One result of this is the reduction of any 

extra residual dust loading present on the platform in the early morning when trains 

begin operating. We estimate from the Poble Sec data that reductions in early daytime 

PM2.5 concentrations of at least 10% are achieved by using the polymer suppressant, 

thus reducing the extra loading of silicate dust that is subsequently dispersed through 

the subway system during the operating day. 

d.  The air quality on subway platforms can be markedly influenced by outdoor city air 

quality, especially during the arrival into the city of far-travelled pollution clouds such as 

anthropogenic SIC intrusions and North African desert dust events. The Sagrera 

experiment elegantly demonstrates that increases in PM2.5 mass measuring over 20 µg 

m-3 can be produced underground as a result of pollutant infiltration from street level. 

Some stations (such as Santa Coloma) however show poor correlation between subway 

platform dust levels and pollution events above ground so that it cannot be assumed 

that contaminated city air always automatically produces a deterioration in air quality 

underground. One factor that may influence the amount of outdoor infiltration is station 

depth: in our study the deepest station (Santa Coloma: 12.6m) showed the least outdoor 

influence. However, as demonstrated from the Collblanc campaign, efficient modern 
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ventilation systems are perfectly capable of bringing air deep underground and thus 

maintain a strong connection between subway and outdoor city air.  

e. Subway air is not only affected negatively by the infiltration of outdoor air. Levels above 

ground, away from traffic hot spots, are typically less contaminated by PM than in the 

subway. The difference between the two environments is most marked after the arrival 

in the city of a clean atmospheric advection event such as, in the case of Barcelona, air 

blown northwest from the Atlantic. Such cleansing events can have a considerable 

impact on subway air, as demonstrated by the data from Palau Reiaĺs data where on 

such arrival above ground caused a decrease in ambient subway PM2.5 levels of over 20 

µg m-3. 

f. The data also indicate that another factor influencing morning platform particulate 

levels during train operational hours is the timing of any coarse PM peaks during the 

night. The closer the peaks are to subway opening hours, the less time airborne particles 

will have to fall out of suspension. Thus from the point of view of daytime platform air 

quality it is preferable to minimise dust generation later in the night. The morning-after 

effect of night work dust events thus will depend not only on how much dust was 

produced, but when it was produced during the night. 

g. Our detailed daytime PM filter analysis database consistently demonstrates that the 

main inorganic chemical components of inhalable airborne subway particles are 

ferruginous, carbonaceous, crustal (mineral), and secondary inorganic compounds 

(mostly ammonium sulphate and nitrate) plus minor amounts of sea salt and trace 

elements. The ferruginous PM loading of subway air is typically greater than the mass of 

carbonaceous materials, and both of these components are more abundant than crustal 

dust and SIC. In some stations (such as Tetuan and Joanic) ambient levels of the 

ferruginous component can be extremely high (PM2.5 up to 52 µg m-3). Our studies 

indicate that the concentration ranges for each of the four dominant chemical 

components comprising subway PM2.5 are as follows: Ferruginous 4-52 µg m-3; 

Carbonaceous 7-24 µg m-3; Crustal mineral dust 3-9 µg m-3; Secondary Inorganic 

Compounds 1-5 µg m-3. 

h. Unusually high levels of fine-sized sulphate and ammonium ions present on subway 

platforms can be traced to the arrival of SIC pollution plumes in city air, and offer a 

useful indicator of infiltration of outdoor air down into the subway system. Even in the 

absence of chemical information, comparison of concentration patterns between 

outdoor city background monitoring stations and subway platform air can provide 

convincing evidence as to whether significant infiltration from outdoor air is regularly 

taking place. 

i. Mineral dust in the subway, mostly silicate in origin, will be coarser than infiltrated SIC, 

and can source from both outdoors and within the subway system, especially when 

tunnel maintenance works involving rock ballast is taking place. Such dust can be 

recognised not just physically from its coarser character, but also chemically by 

increases in elements such as Al, Ti, and Rb. There is some evidence that night work 



 
 

                                                                                                                 109 

involving ballast can raise ambient PM levels on the platform for several days after the 

event.  

j. In contrast to mineral dust, SIC particles have a completely different trace element 

signature which can easily be recognised in our PM2.5 chemical database for any given 

day. Such infiltrated particles will be rich in sulphate and ammonium ions, sometimes 

with additional nitrate and chloride, and are typically accompanied by a distinctive 

cocktail of anthropogenic metals such as V, Se and Cd. 

k. The distinctive metallic chemical signature of subway air is characterised by elements 

present in brakes, rails, wheels and the catenary system, and is dominated by Fe and C. 

Concentrations of metals such as Fe, Ba, Zn, and Mn can be over one hundred times 

higher in the subway than in the background outdoor air of Barcelona. 

l. Each subway line has its own distinctive chemical signature depending on the chemistry 

of train components in use, station design, and route through the city. 

m. Train brake pad chemistry influences the composition of ambient PM2.5 present in 

subway air. Thus in Barcelona Ba-rich brakes contaminate subway air with Ba, Sr, Zr and 

Ti, whereas Sb-rich brakes produce enrichments in ambient Sb that can be 40 times 

higher than in stations of other lines. Both Mg and Cu content of platform PM2.5 can also 

be traced to brake emissions, although other sources are also implicated, namely 

pantographs for Cu and ballast for Mg. There is evidence to suggest that where brakes 

are used more, such as along lines with higher gradients, concentrations of these tracer 

elements, and therefore brake-related PM, increase significantly (e.g. nearly 50% more 

Ba in L3 despite using the same train components as L1).  

n. Carbon is ubiquitous in the subway system, with PM2.5 concentrations of 5-мт ˃ƎϊƳҍо 

ranking it second in abundance after Fe in most lines. The highest ambient C levels were 

recorded in lines where trains use C brushes and C-rich brakes (L1 and L3), as well as 

those employing C-rich pantographs in stations with a single platform design (L2). Given 

the evidence from the trace element data discussed above there can be little doubt that 

brake dust contributes much C to PM in subway air, although the multiple origins for 

CPM complicate any attempt to resolve the additional contribution to subway air of 

carbonaceous particles from pantographs and brushes. 

o. LǊƻƴ ƛǎ ǘƘŜ ŎƭŀǎǎƛŎ άǎǳōǿŀȅ ƳŜǘŀƭέΣ ǇǊŜǎŜƴǘ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ .ŀǊŎŜƭƻƴŀ ƳŜǘǊƻ ƛƴ ŀǾŜǊŀƎŜ 

concentrations normally lying within the range 3-ос ˃ƎϊƳҍо FePM2.5 (4-рн ˃ƎϊƳҍо Fe2O3. It 

is present in every subway component, but especially in steel wheels which (unlike rail 

steel) have the same Cr/Fe value (0.001) as subway platform PM2.5. Train brakes also 

contain significant amounts of Fe but these are likely concentrated in coarser particulate 

fractions than PM2.5. Other FePM sources (ballast, carbon brushes, pantographs and 

outdoor air) are of minor importance. The considerable differences in measured subway 

FePM concentrations between stations is linked more to how much tunnel air 

contaminated with rail PM is entering the platform rather than any other factor and is 

thus primarily a question of station design and ventilation system. 
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p. Subway ventilation protocols can be designed to drive outdoor air into the platforms 

and tunnels by impulsion or suck air out of the system by extraction, and do this at 

different power settings. Our experiment in Tarragona station demonstrates that 

platform air quality can be significantly affected by both the direction and intensity of 

fan air flow. Faster fan impulsion of outdoor air into the platform produces cleaner air 

by diluting ambient levels of subway particles, providing outdoor PM levels are not 

higher than those underground.  

q. In contrast, reversing mechanical air flow to extraction from impulsion does not improve 

air quality on the platform. Worse still, if platform fans are extracting fast enough the 

effect will be to suck contaminated air from the tunnel into the station, as confirmed by 

the fact that at Tarragona most of this extra tunnel air loading was ferruginous (>10 µg 

m-3) plus a relatively minor amount of carbonaceous material (1.5 µg m-3). The increase 

in Fe was accompanied by similarly substantial increases in Zn, As, Co, Mn, Cr, Sn, Sb, Cu, 

Ni, Sr, and Ba, all metalliferous particles sourced from brakes, rails and wheels. 

r. Both tunnel and platform air quality during the night are improved by turning off 

platform fans and reducing tunnel fan power, this giving particles time to be deposited 

out of the air column before later resuspension when the trains start running again. 

s.  Our experiment at Collblanc clearly demonstrates the importance of a strong tunnel fan 

system in reducing contamination of tunnel and platform air by subway FePM. The 

reduced amount of FePM on the Collblanc platform, at just 4.2 µg m-3, is particularly 

impressive when compared with older metro lines in Barcelona. The impact of these 

fans on platform air quality is notable despite the presence of brand new full-length 

platform screen doors which might be expected strongly to inhibit air exchange between 

platform and tunnel. Our data further demonstrate that with platform fans operating on 

extraction such a PSD system will not stop inhalable PM levels from doubling or even 

(for the coarser sizes resuspended by the strong train piston effect) quadrupling if the 

tunnel fans are shut down. 

t. Remarkably low levels of FePM were measured in the non-operational upper platform at 

Collblanc where platform Fe2O3 concentrations were just 1 µg m-3, a record for any 

station measured in Barcelona, indicating a strong lack of particles emitted by train 

movement.  

u. The Collblanc experiment offered an excellent opportunity to examine the detailed 

ŎƘŜƳƛŎŀƭ ŎƘŀǊŀŎǘŜǊ ƻŦ ǘƘŜ άǎǳōǿŀȅέ CŜta ǎƻǳǊŎŜΦ hƴŎŜ ǘƘŜ ǘunnel fans were turned off, 

levels of Fe, Mn and Cr all increased by six or sevenfold. The likely main source for these 

άǎǳōǿŀȅ ƳŜǘŀƭǎέ ƛǎ ŘŜŘǳŎŜŘ ǘƻ ōŜ ǘǊŀƛƴ ǿƘŜŜƭǎ ǊŀǘƘŜǊ ǘƘŀƴ Ǌŀƛƭǎ ŀƴŘ ōǊŀƪŜǎΦ /ƻōŀƭǘ ƛǎ 

another trace element similarly implicated in train wheel wear. Another group of 

ǘȅǇƛŎŀƭƭȅ άǎǳōǿŀȅέ ǘǊŀŎŜ ŜƭŜƳŜƴǘǎ ǘƘŀǘ Ŏŀƴ ōŜ ƛŘŜƴǘƛŦƛŜŘ ŦǊƻƳ ǘƘŜ /ƻƭƭōƭŀƴŎ ŘŀǘŀōŀǎŜ ƛǎ 

that of Ba, Zn and Sb, all of which are implicated in particles emitted from brake wear. 

Antimony, which shows the highest increase of the three, is most likely also being 

sourced from the pantograph, wheels and rail. Finally, Cu showed the most extreme 

increase in airborne concentration in the absence of tunnel fans, probably due to the 
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fact that this metal is present not only in brakes, wheels and (to a minor extent) rails, 

but it is the most important trace element in the pantographs used in L9. These data 

further confirm that it is the moving parts of the train that are producing most of the 

metalliferous FePM so typical of the subway environment. 

v. A spectacular example of a subway system contaminated by an outdoor fireworks event 

is provided by the data for the San Juan festival on 23-24 June when levels of Ba 

suddenly rose from 18 to 338 ng m-3, Sr from 3 to 59 ng m-3, and K from 0.2-3.9 µg m-3. 

This dramatic rise in these three classic firework tracers was accompanied by notable 

increases in Mg, Rb, As, Pb, Bi and Cu, all also known to be characteristic of firework 

emissions. The exceptional nature of this pollution event can be appreciated in the light 

of the fact that normal background levels of the three main firework tracers in Barcelona 

are 5.2 ng m-3 for Ba, 0.8 ng m-3 for Sr, and 0.1 µg m-3 for K. 

w. Our experiments with the use of air purifiers on the platform of Tarragona station 

demonstrate that such machines have the potential to achieve substantial reductions of 

over 30% in ambient platform PM2.5. However, results so far suggest that the benefits to 

air quality reduce away from the immediate vicinity of the machine. The mechanical 

failure and partial disintegration of one of the purifiers demonstrates how these 

machines are still in their experimental stage and need to be carefully tested under real 

conditions on the platform. 

x. DƛǾŜƴ ǘƘŜ ŘƻƳƛƴŀƴŎŜ ƻŦ ǘƘŜ ŦŜǊǊǳƎƛƴƻǳǎ άǎǳōǿŀȅ ƳŜǘŀƭέ Ŏomponent in platform air, air 

purifiers designed to focus more on removing this metallic fraction have the potential 

for greater success compared to those unable to fractionate different chemical 

components. 

y. The most obvious example of how subway FePM levels can be greatly reduced is 

provided by L9S Collblanc station as mentioned above which is brand new and equipped 

with platform screen doors and powerful modern ventilation systems. On this station 

platform FePM2.5 levels are ten times less than measured on Tetuan station, which has a 

similar design but is old and lacks PSD. It is therefore clear that in some stations the 

application of appropriate mitigation measures have the potential to reduce ambient 

ƭŜǾŜƭǎ ƻŦ ǇƭŀǘŦƻǊƳ CŜta˃ƎϊƳҍо by several tens of micrograms. 
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