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Abstract. Urban soils are of increasing interest for their potential to provide ecosystem services such as carbon storage and 

nutrient cycling. Despite this, there is limited knowledge on how soil sealing with impervious surfaces, a common disturbance 

in urban environments, affects these important ecosystem services. In this paper, we investigate the effect of soil sealing on 

soil properties, soil carbon and soil nutrient stocks. We undertook a comparative survey of sealed and unsealed greenspace 10 

soils across the UK city of Manchester. Our results reveal that the context of urban soil and the anthropogenic artefacts added 

to soil have a great influence on soil properties and functions. In general, sealing reduced soil carbon and nutrient stocks 

compared to greenspace soil, however, where there were anthropogenic additions of organic and mineral artefacts this led to 

increases in soil carbon and nitrate content. Anthropogenic additions led to carbon stocks equivalent to or larger than those in 

greenspaces, potentially of a stable nature with long residence times. This suggests that in areas with an industrial past, 15 

anthropogenic additions can lead to a legacy carbon store in urban soil and make important contributions to urban soil carbon 

budgets. These findings shed light on the heterogeneity of urban sealed soil and the influence of anthropogenic artefacts on 

soil functions. Our research highlights the need to gain further understanding into urban soil processes, in both sealed and 

unsealed soils, and the influence and legacy of anthropogenic additions on soil functions and important ecosystem services. 

 20 
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1 Introduction 

The importance of urban soil is increasingly being recognised for its role in supporting sustainable development, urban 

resilience and the provision of numerous urban ecosystem services (Pavao-Zuckerman, 2012; Morel et al., 2015; Yang and 25 

Zhang, 2015; Vasenev et al., 2018; Pouyat et al., 2020), in particular carbon (C) storage and nutrient cycling (Pouyat et al., 

2006; Herrmann et al., 2017). The number of people living in urban areas is projected to grow, with almost 70% of the world’s 

population expected to live in urban areas by 2050 (United Nations, 2019). This expansion of urban areas will have 

consequences for soil as increasing areas of soil are sealed with impermeable surfaces, such as roads and pavements (Scalenghe 

and Marsan, 2009; EU, 2012; Artmann, 2014). Soil sealing commonly involves the removal of topsoil, also known as scalping, 30 
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where the upper part of the soil is removed down to subsoil, thus creating a new soil surface (Lehmann, 2006). Sealing also 

leads to inputs of anthropogenic materials, such as road foundation materials, aggregate and other human-made artefacts; and 

is then sealed with tarmac, concrete or paving slabs. As such, sealing is likely to have large effects on soil functioning and 

soil-mediated ecosystem services, such as C storage, water regulation and nutrient cycling.  

 35 

The C storage of soil in cities has become an area of growing interest as studies have revealed the notable C storage potential 

of urban soils (Pouyat et al., 2006; Raciti et al., 2011; Lorenz and Lal, 2015; Vasenev and Kuzyakov, 2018), though less is 

known on the C storage of sealed soils. Early studies assumed low to zero storage of C beneath sealed surfaces (Bradley et al., 

2005). However, more recent research has illustrated that sealed soil C makes an important contribution to wider urban soil C 

stores (Edmondson et al., 2012; Cambou et al., 2018). Studies indicate that, in general, soil sealing leads to a reduction in soil 40 

organic carbon (SOC) (Raciti et al., 2012; Wei et al., 2014a; Wei et al., 2014b; Piotrowska-Długosz and Charzyński, 2015; 

Vasenev and Kuzyakov, 2018). However, some studies have found similar SOC storage between sealed and non-sealed soils 

at equivalent depths, indicating that reductions in SOC stocks near the surface were a result of topsoil removal, while stocks 

in subsoils were no different (Edmondson et al., 2012; Cambou et al., 2018). Inorganic C (IC) also provides an important 

contribution to C storage in urban soils (Vasenev and Kuzyakov, 2018; Pouyat et al., 2020) however, IC is much less commonly 45 

studied in sealed soils. Therefore, the knowledge on soil C storage in sealed soils remains limited and there is a need to further 

understand the storage potential of sealed soil, the SOC and IC dynamics beneath sealed surfaces and how this contributes to 

wider urban soil C storage.  

 

Knowledge is also limited on the effects of soil sealing on nutrient stores; how anthropogenic activities may influence these 50 

and the subsequent consequences for urban soil nutrient cycling. A number of studies have revealed that sealing generally 

leads to a reduction in nitrogen (N) storage (Raciti et al., 2012; Wei et al., 2014a; Wei et al., 2014b; Piotrowska-Długosz and 

Charzyński, 2015; Majidzadeh et al., 2017), and it has been suggested that there is a decoupling of C and N in sealed soils 

(Raciti et al., 2012; Wei et al., 2014b). The processes involved in nutrient cycling have, however, been less studied. 

Observations of N mineralisation and nitrification suggest that these processes are reduced by sealing (Zhao et al., 2012; Wei 55 

et al., 2014a), while observations of ammonium and nitrate levels have varied (Zhao et al., 2012; Martinová et al., 2016; 

Majidzadeh et al., 2018). We are yet to have a clear understanding of both the impacts of sealing on N cycling processes or 

the mechanisms behind these alterations. In addition, there is very limited research on phosphorus (P) in sealed soils, despite 

this being an important nutrient for plant productivity and water quality. Studies have observed higher Olsen P and extractable 

P in sealed soils (Wei et al., 2014a; Martinová et al., 2016; Majidzadeh et al., 2017; Majidzadeh et al., 2018); while one study 60 

found no difference in available P between sealed and unsealed soil (Piotrowska-Długosz and Charzyński, 2015). Therefore, 

the effects of urban soil sealing on soil P remain largely unclear. The availability of N and P has implications for SOM 

mineralisation and C storage, as well as soil nutrient status and leaching, and at present, knowledge on the dynamics between 

C, N and P in sealed soil is lacking. 
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 65 

There is a need to further our understanding of carbon and nutrient stocks in sealed soils, to gain a clearer picture of how they 

contribute to wider urban C stocks, nutrient stores and dynamics, and what the implications are for urban ecosystem services. 

In this paper, we aim to investigate the effects of soil sealing on urban soils, their properties, and important soil function 

including carbon storage and nutrient cycling. We undertake a comparative survey of soil C and nutrients in sealed and 

unsealed soils across the UK city of Manchester, constituting one of the largest studies of sealed soil to date. Our objectives 70 

were to investigate the effects of sealing and anthropogenic activities on i) soil properties ii) soil C stocks, and iii) nutrients 

stocks and dynamics.  

2 Materials and Methods 

2.1 Study area  

Soils were sampled from Greater Manchester, a metropolitan region in the North West of the UK with a population of 2.8 75 

million. The study focused on the wider city area within the M60 motorway and the town of Rochdale within the Greater 

Manchester Region. The National Soil Map for England and Wales, via the Soilscapes Viewer online (Soilscapes, 2020), 

shows that the area east of the M60 has slowly permeable, seasonally wet, acid loamy and clayey soils. The south-west has 

naturally wet and very acid sandy and loamy soils; while the north-west and Rochdale are a combination of slowly permeable, 

wet acid loamy and clayey soils with areas of floodplain soil with high groundwater, and areas of freely draining slightly acid 80 

sandy or loamy soils. 
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Figure 1: Map showing sampling locations across the Greater Manchester Region.   

2.2 Soil Sampling  

Sampling was undertaken to allow a comparison of sealed and unsealed greenspace soils. Sealed soils were sampled from 85 

roadworks or construction sites where work had recently opened up the sealed surface of roads and pavements; unsealed soils 

were sampled from the nearest greenspace, park or roadside within a grassed lawn area. The distance between sealed and 

greenspace sites varied with each sample and as such they are not considered paired samples. Both soils were sampled to a 

depth of 10 cm of available soil, in greenspace samples this was the top 10 cm underneath the litter layer; in sealed samples 

this was the top 10 cm underneath the imported construction materials. This sampling method allowed a comparison between 90 

the top available soil in each profile to understand the properties and functions of each soil. At all sites two samples were 

collected, one using a bulk density core and a second sample using a trowel for additional analyses using fresh soil. A total of 

68 sites were sampled, with 36 sealed samples and 32 greenspace samples.  

2.3 Soil Analysis 

2.3.1 Urban soil categorisation 95 

Urban soil often contains large amounts anthropogenic additions, or artefacts, which are human-made or derived materials 

such as bricks, pottery, glass, crushed stone, charcoal cinders, wood or waste materials. Technosols are defined in the WRB 

as either containing large amounts of artefacts, having an impermeable geomembrane or having a technic hard material at the 

soil surface, such as concrete, asphalt or worked stone (FAO, 2015). All the sealed soil samples collected are considered 

technosols as a result of the continuous hard sealed surface. However, we observed that some sealed samples contained 100 

numerous artefacts while others did not and, apart from being sealed, appeared relatively undisturbed by human activity. The 

addition of artefacts can considerably alter the properties and functions of soil, such as water holding, C storage or nutrient 

status. As such, the sealed samples were categorised into two types: those relatively undisturbed other than by sealing, herein 

referred to as sealed undisturbed soils (SU); and those with notable additions of anthropogenic artefacts, herein referred to as 

sealed anthropogenic soil (SA) (Fig. 2). 105 

 

Wet sieving was undertaken on subsamples of the sealed soils to distinguish between SU and SA soils. Most artefacts were 

caught in the 2 mm and 200 μm fractions and, as such, the proportion of material above 200 μm in size was used to determine 

the level of anthropogenic additions. Soils with visible artefacts generally exhibited more than 40 % of subsample weight in 

the >200 μm fraction; thus, subsamples with more than 40 % weight in the >200 μm fraction were classed as SA soils, and 110 

those with less than 40 % in the >200 μm fraction were classed as SU soils. 
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Figure 2: Diagram showing soil profiles and sampling depths of the three soil categories.  

2.3.2 Soil preparation and properties  

As urban soil commonly contains imported material and artefacts the in-situ volume, density and structural properties of the 115 

soil are related to these materials, and in some cases, they make up a large proportion of the soil. As such, we deemed it 

appropriate not to remove the course fraction above 2 mm prior to bulk density calculation to provide a representation of the 

in-situ soil. Bulk density cores were weighed, dried at 105 °C for 48 hours (due to high clay content) then re-weighed to enable 

calculations of bulk density and gravimetric soil moisture.  

 120 

The second set of samples were used for the fresh soil analyses of pH, nitrate and ammonium extraction. For pH analysis, 10 g 

fresh soil was mixed with 25 ml distilled water, shaken on an orbital shaker for 30 minutes at 180 rpm and left to settle for 30 

minutes. The pH was then measured with a pH probe at the soil-water interface. The remaining fresh sample was dried at 70 °C 

for 48 hours. It was then homogenised using a pestle and mortar and passed through a 2 mm sieve prior to chemical analysis. 

Many samples of sealed soil were high in clay and for this reason the method deviates from the traditional approach to sieving 125 

the samples prior to drying.  
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2.3.3 Carbon and Nutrient Analysis  

To determine total C and N concentrations samples were dried at 105 °C for 24 hours, ball-milled to a powder and analysed 

for total C and total N concentration and CN ratio using a dry combustion CN analyser (El Vario analyser, Elementar, Hanau, 

Germany). Soil organic matter (SOM) was estimated using the loss on ignition (LOI) method. Samples were dried at 105 °C 130 

for 24 hours prior to weighing, heating at 550 °C for 6 hours and re-weighing to determine the loss of SOM by weight as a 

percentage. 

 

Organic C (OC) and inorganic C rendered extractable to 0.5M K2SO4 were measured, as described by Vance et al. (1987) 

without fumigation with CHCl3 so as to measure non-microbial biomass C. Briefly, the acidity of the K2SO4 was checked and 135 

adjusted to between pH 6.8–7 using NaOH. For the extraction, 5 g of dry soil was mixed with 20 ml of K2SO4 (0.5M) and 

shaken on an orbital shaker for 1 hour at 180 rpm. It was left to settle for 10 minutes then filtered through a Whatman no. 42 

filter. Filtrate was diluted 1 part to 8 parts MQ water and analysed for extractable total and inorganic C in a TOC analyser 

(Shimadzu TOC-LCPN TN). Extractable OC is determined as total extractable C minus extractable inorganic C. 

 140 

Ammonium and nitrate pools were measured with the aim of understanding mineral N content and dynamics. The extraction 

was undertaken using 1M KCl as an extraction matrix (Kachurina et al., 2000; Saha et al., 2018). For extractions, 5 g of fresh 

soil was mixed with 25 ml KCl (1M) and shaken on an orbital shaker for 1 hour at 180 rpm. It was filtered through a Whatman 

no. 6 filter and filtrate was analysed for nitrate and ammonium using a colorimetric segmented flow analyser (AA3, Seal 

Analytical, Southampton, UK). Total phosphorous (P) content was analysed using a sulphuric acid / hydrogen peroxide 145 

digestion method by Rowland and Grimshaw (1985). For the digest, 0.2 g of dry ground soil was mixed with 4.4 ml digest 

reagent and heated gently until the vigorous reaction had subsided. Heat was increased to 400 °C and boiled for 2 hours until 

the digest had cleared. Once cool samples were diluted to 50 ml with MQ water and filtered using a Whatman no. 6 filter. 

Filtrate was diluted a further five times and analysed for total P on a colorimetric segmented flow analyser (AA3, Seal 

Analytical, Southampton, UK). Soil total C, N and P stocks were calculated using bulk density values to a depth of 10 cm and 150 

C, N and P contents, as per the guidance from the FAO (2018). 

2.4 Statistical Analysis  

Analysis was undertaken to determine the difference between sealed and greenspace soils, and also to determine whether there 

was a difference between the two categories of sealed soil, SU and SA soils. Data for the majority of variables did not exhibit 

a normal distribution according to the Shapiro-Wilks test. As such, all datasets were analysed using the non-parametric Kruskal 155 

Wallace test to identify significant differences between the three categories of soil, and the Dunn-Bonferroni post hoc test to 

determine where the significant difference was between soil categories. All analyses were undertaken in SPSS 26.   

https://doi.org/10.5194/soil-2021-18
Preprint. Discussion started: 14 April 2021
c© Author(s) 2021. CC BY 4.0 License.



7 

 

3 Results  

Sealed samples were categorised into two groups, those that were relatively undisturbed other than by sealing, referred to as 

sealed undisturbed (SU) soils, and those with notable additions of anthropogenic material, referred to as sealed anthropogenic 160 

(SA) soils. Of the 36 sealed samples, 22 were classed as SU soils and 14 were classed as SA soils. The results of the analyses 

are summarised in Table 1. Results are presented for soil properties, soil C and SOM analyses, nutrient contents and 

stoichiometry respectively.  

 

Table 1: Urban soil measurements showing mean (+-SD). * indicates a significant difference between all categories of soil at the 0.05 165 
level. The same letter indicates a significant difference between two soil categories at the 0.05 level. 

Measurement 
Sealed undisturbed 

(n=22) 

Sealed anthropogenic 

(n=14) 

Greenspace soil 

(n=32) 
P value 

Soil Properties 

pH 8.03a (+-0.63) 8.44b (+-0.62) 6.82ab (+-0.98) <0.001 

Bulk density (g/cm3) 1.50* (+-0.13) 1.32* (+-0.18) 0.86* (+-0.14) <0.001 

Soil moisture content (%) 21.38 (+-4.21) 18.63a (+-5.84) 27.17a (+-11.63) 0.006 

Soil Carbon  

Total carbon stock at 0-10 

cm (kg/m2) 
3.10* (+-1.45) 8.06* (+-4.65) 4.92* (+-1.11) <0.001 

Soil organic matter (%) 5.00a (+-1.29) 7.06b (+-3.20) 11.12ab (+-2.76) <0.001 

Extractable Organic Carbon 

(mg/kg) 
132.04a (+-79.88) 107.92b (+-41.11) 602.84ab (+-204.02) <0.001 

Extractable Inorganic 

Carbon (mg/kg) 
34.90a (+-24.35) 34.31b (+-32.20) 9.79ab (+-10.25) <0.001 

Nutrients 

Total N stock at 10 cm 

(g/m2) 
81.20a (+-22.47) 90.11b (+-28.38) 115.44ab (+-26.49) <0.001 

Ammonium (mg/kg) 11.06 (+-15.52) 2.53 (+-4.88) 6.10 (+-11.74) 0.100 

Nitrate (mg/kg) 0.70a (+-0.65) 2.95 (+-4.11) 7.82a (+-12.30) <0.001 

Total P stock at 10 cm 

(g/m2) 
39.62a (+-20.91) 39.42b (+-23.68) 62.62ab (+-36.67) 0.003 

Stoichiometry  

C:N ratio 37.29a (+-12.44) 86.84ab (+-40.45) 43.10b (+-6.99) <0.001 

C:P ratio 83.81a (+-31.35) 248.69ab (+-208.24) 94.19b (+-37.23) <0.001 

N:P ratio 2.42 (+-1.04) 2.81 (+-1.27) 2.25 (+-1.06) 0.300 
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3.1 Soil Properties 

Figure 3 summarises the soil properties across the sealed and greenspace categories. Both categories of sealed soil had 

significantly higher pH than the greenspace soil (p <0.001); while both had lower soil moisture, though only SA soil was 170 

significantly lower than greenspace soil (p 0.006). Both pH and soil moisture data showed no significant difference between 

the two sealed soils, however, all three soils exhibited significantly different bulk densities (p <0.001) with SU soils having 

the highest bulk density and SA soil the next highest (Fig. 3. a, b). 

 

   

Figure 3: Soil properties: (a) pH, (b) bulk density (g/cm3) and (c) soil moisture content (%) for the SU (n=22), SA (n=14), and 

greenspace (GS; n=32) soils. Boxplots show upper and lower quartiles, whiskers show upper and lower most values, horizontal 

line shows the median and x shows the mean. Circled data points show outliers at 1.5 times the IQR. 

3.2 Carbon  175 

Total C data indicated that SU soil had significantly lower total C concentration than both other soils (p <0.001), while SA soil 

was statistically no different to greenspace soil. Total C stock for the top 10 cm of soil exhibited a significant difference across 

all three soil categories (p <0.001) (Fig. 4. b), with SA soil having significantly greater total C stock than greenspace soil 

(8.06 kg/m-2 +-4.65 and 4.92 kg/m-2 +-1.11 respectively), and greenspace soil having significantly greater stock than SU soil 

(3.10 kg/m-2 +-1.45). SU soil had 37 % less total C stock than greenspace soil, while SA soil showed an increase of 64 % total 180 

C stock on that of greenspace soil.  

 

By contrast, SOM data indicated that both sealed soils had significantly lower SOM concentration than greenspace soil 

(p <0.001), and while SA did have greater SOM concentration than SU soil (7.06 % +-3.20 compared to 5.00 % +-1.29), there 

was no statistically significant difference between them (Fig. 4. c). SU soil had 55 % less, and SA soil 37 % less, SOM than 185 

greenspace soil. SA soils exhibited more variability in Total C stock data than in SOM values, with S.D. 4.65 for total C stock, 

and S.D. 3.20 for SOM concentration.  

 

(a) (b) (c) 

SU SA GS SU SA GS SU SA GS 
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Extractable C (K2SO4) was analysed to investigate the amount of extractable organic and inorganic C in the samples. In the 

sealed soils, 76-79 % of the extractable C was organic C, and 21-24 % was inorganic C. In the greenspace soils, 98 % of 190 

extractable C was organic C while only 2 % was inorganic C (Fig. 4. f). Both sealed soils exhibited significantly lower 

extractable organic C than greenspace soils (p <0.001), with no significant difference between the two sealed soils (Fig. 4. d). 

Extractable inorganic C was significantly higher in both sealed soils compared to greenspace soil (p <0.001), with, again, no 

significant difference between the two sealed soils. 

 195 

    

   

Figure 4: Carbon measurements: (a) total C concentration; (b) total C stock; (c) organic matter concentration; (d) K2SO4 

extractable organic C content; (e) K2SO4 extractable inorganic C content; and (f) mean extractable total C content, where 

inorganic C is shown in grey; for SU (n=22), SA (n=14), and greenspace (GS; n=32) soils. Stocks are calculated for the top 10 cm 

of available soil. 

3.3 Nutrients  

Both sealed soils exhibited significantly lower total N stock than greenspace soils (p <0.001), while the two sealed soils showed 

no significant difference between them (Fig. 5. a, b). SU soil had the lowest total N stock (81.20 g/m-2 +-22.47) followed by 

SA soil (90.11 g/m-2 +-28.38), with greenspace soil having the greatest total N stock (115.44 g/m-2 +-26.49). Total P stock 

showed a similar pattern, with both sealed soils exhibiting significantly lower total P stock than greenspace soil (p 0.003) 200 
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(Fig. 5. e, f). SU soil had the lowest total P stock (39.62 g/m-2 +-20.91), followed by SA soil (39.42 g/m-2 +-23.68), and then 

greenspace soil with the greatest total P stock (62.62 g/m-2 +-36.67).  

 

Analysis of ammonium and nitrate pools (NH4
+ and NO3

-) illustrated that SU soil contained greater ammonium content than 

SA or greenspace soils (Fig. 5. c), with a mean of 11.06 mg/kg (+-15.52) compared to 2.53 mg/kg (+-4.88) and 6.10 mg/kg 205 

(+-11.74) respectively; however, there was no statistically significant difference in ammonium between the three soils (p 

0.100). Conversely, SU soil exhibited significantly lower nitrate content compared to greenspace soil (p <0.001), while there 

was no significant difference in nitrate between the SA and greenspace soil (Fig. 5. d). 

 

  

  

  

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 5: Soil nutrients: (a) total N concentration; (b) total N stock; (c) ammonium 

content; (d) nitrate content; (e) total P content;  and (f) total P stock; for SU (n=22), 

SA (n=14), and greenspace (GS; n=32) soils. Stocks are calculated for the top 10 cm of 

available soil. 

3.4 Stoichiometry  210 

The C:N ratio was significantly higher in SA soil than SU or greenspace soil (p <0.001), and C:N ratio data for SA soil 

exhibited much greater variability than that of SU or greenspace soil (SD = 40.45; 12.44 and 6.99 respectively). There was no 

significant difference between the C:N ratios of SU and greenspace soils (Fig. 6. a). The C:P ratio showed a similar pattern, 

with SA soil having a much higher C:P ratio than SU or greenspace soil (p <0.001); while there was no significant difference 

between the SU and greenspace soils (Fig. 6. b). There was no significant difference in N:P ratio between the three soil 215 

categories (Fig. 6. c).  

Correlation analysis highlighted how SA soil differed from SU and greenspace soil in the relationship between total C and 

total N, and total C and total P. In SA soil, the C:N and C:P ratios were both significantly greater than those in SU and 

greenspace soil (Fig. 6. a, b); while the N:P ratio showed no significant difference across all three soils (Fig. 6. c). There were 

significant positive correlations between total C and N for all three soils (p <0.001). Figure 6 d shows the difference in 220 

correlations, illustrating that in SA soil, total C increased markedly though total N did not; while in greenspace soil, both total 

C and N increased in concordance. SU soil exhibited a positive relationship between total C and N to a lesser degree. A similar 

pattern was seen in total C and total P correlation (Fig. 6. e), however SU soil exhibited a similarly positive relationship 

between total C and P to that seen in greenspace soil (p <0.001 and p 0.019 respectively). SA soil did not show a significant 

correlation between total C and P. Correlation between total N and total P (Fig. 6. f) illustrated relatively strong positive 225 

correlations in both SU and SA soils (p <0.001 and p 0.007 respectively), though no significant correlation was seen in 

greenspace soil. 

 

 

 230 
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Figure 6: Stoichiometry: (a) C:N ratio; (b) C:P ratio; (c) N:P ratio; correlations of (d) C and N, (e) C and P, and (f) N and P; for 

SU (n=22), SA (n=14), and greenspace (GS; n=32) soils.  

4 Discussion  

4.1 Sealed soil C stocks  

4.1.1 SA soil and anthropogenic additions 235 

We found that where there are additions of anthropogenic material to sealed soils, they can provide notably large soil C stores. 

Our results indicate that SA soil had much greater total C stocks than greenspace soil, and also greater SOM contents than SU 

soil, though this was not statistically significantly. SA soil had total C stock of 8.06 kg C/m-2 between 0 and 10 cm depth 

which is markedly greater than published data for sealed soils to date, while SU soil stored 3.10 kg C/m-2, which is comparable, 

while still larger, than most existing sealed soil C observations. Previous studies have observed stocks of 2.35 kg OC m-2 240 

between 0-20 cm in Nanjing City, China (Wei et al., 2014a); 2.29 kg OC m-2 between 0-15 cm in New York (Raciti et al., 

2012); and 1.25 kg C m-2 between 0-10 cm in Alabma, USA (Majidzadeh et al., 2017). In Leicester, UK, Edmondson et al. 

(2012) found stores of 6.7 kg OC m-2 between 40-100 cm under roads, which at equivalent depths to this study would also 
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represent smaller C stocks than SA soil. It is likely that the large discrepancy between SA stocks and previous observations is 

due to the anthropogenic additions of C to the SA soil. This suggests that materials used in road construction and artefacts 245 

added to the soil can contribute significant amounts of C to sealed soil. This flow of materials into soil is commonly cited as a 

key characteristic of urban soils, in particular technosols, and leads to the mixing of these materials into soil horizons (Bullock 

and Gregory, 1991; Weil and Brady, 2017; Herrmann et al., 2018). This highlights the need to consider history, land use and 

archaeology alongside soil science when studying urban soils (Lehmann and Stahr, 2007; Ziter and Turner, 2018). The 

influence of human activity on urban soil has been termed a ‘cultural layer’ which can contribute to urban soil C stores 250 

(Vasenev et al., 2013), and, as illustrated by our results, can create a legacy of C storage.  

 

In contrast to the high total C values, SA soil had lower SOM and extractable OC content than greenspace soil. This suggests 

that some of the total C measured was not detected in the SOM or extractable OC analyses and, thus, was a more stable form 

of OC or inorganic C. During the sealed soil categorisation (Sect. 2.2.4) anthropogenic artefacts were found which would 255 

contribute to stable OC or inorganic C in the soil, such as charcoal, concrete and limestone rubble. Charcoal cinders were 

historically a plentiful waste product from industry and coal power stations in the UK through the nineteenth and twentieth 

centuries, and were commonly used as a base layer on top of subsoil in road construction in the UK and US (MacBride, 2013). 

This stable OC would not have been detected in extractable OC analysis; and it may also not have been completely combusted 

at the temperatures used in LOI as recalcitrant OC, such as black C, can burn to approximately 600 °C (Edmondson et al., 260 

2015). These charcoal cinder additions provide similar recalcitrant OC storage to that of black C, which is ubiquitous in 

unsealed urban soils as a result of traffic and fossil fuel burning (Hamilton and Hartnett, 2013). Black C plays an important 

role in soil C storage due to its long residence time and its protection from rapid decomposition (Kuzyakov et al., 2014; 

Lehmann et al., 2015), allowing it to contribute to stable long-term urban C stores. The contribution of black C to urban soil 

is a small but important area of study (Rawlins et al., 2008; Edmondson et al., 2015; Schifman et al., 2018), however, at present 265 

little is known about black C or charcoal within sealed soils. Our results illustrate that historical human activity may have 

contributed notable amounts of stable OC to sealed soils in the UK and possibly the US, and that these likely make a significant 

contribution to urban soil stable C stores in these areas. This has also been observed in New York, where technosols formed 

from coal ash exhibited much higher OC stocks than other soils, illustrating that human transported materials can be a source 

of high OC stocks (Cambou et al., 2018). However, further work on the stability of sealed soil OC is needed to fully understand 270 

the C dynamics and long-term impacts on C storage.  

 

Some of this additional stable C may also have come from recalcitrant IC sources. IC, such as carbonate, does not thermally 

decompose until reaching temperatures of approximately 700-800 °C (Washbourne et al., 2012; Edmondson et al., 2015) and 

thus would also not be captured in LOI analysis. In addition, K2SO4 extraction of IC may not have extracted all recalcitrant IC 275 

in the sample. We found high IC content in our sealed samples, consistent with other observations of urban soils, which is due 

to the weathering of minerals from concrete (Washbourne et al., 2015; Weil and Brady, 2017) and the use of calcareous 
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materials such as cement-based rubble and limestone in road subbase layers, which add calcium and carbonates to urban soil 

(Shaw and Reeve, 2008; Kida and Kawahigashi, 2015; Asabere et al., 2018). Soil IC stocks make an important contribution to 

sealed soils and subsoils in cities, highlighting their importance as hidden stocks in C assessments (Vasenev and Kuzyakov, 280 

2018). The importance of calcium rich minerals and dissolved carbonates in urban soil have been highlighted for the removal 

of CO2 to form calcium carbonate (Washbourne et al., 2015; Jorat et al., 2020); a process that is also being promoted for 

agricultural soils as a carbon capture mechanism (Beerling et al., 2020). While little is known about water or air flow under 

sealed surfaces, this process has been observed in sealed soil where cracks in paving have allowed water to infiltrate, and 

dissolved calcium reacted to form calcium carbonate which then moved into deeper soil horizons (Kida and Kawahigashi, 285 

2015). At present, the extent to which this process is occurring in sealed soils is unknown.  

4.1.2 SU soil compared to greenspace soil 

The SU soil had been sealed and remained largely undisturbed and altered by human activity following sealing. In comparison 

with greenspace soil, SU soil exhibited reduced C stocks, a pattern that has been seen in most other studies of sealed soil 

(Raciti et al., 2012; Wei et al., 2014a; Wei et al., 2014b; Majidzadeh et al., 2017; Majidzadeh et al., 2018). Our results showed 290 

a reduction of 37 % of C stock in SU soil compared to greenspace soil, a notably smaller reduction than that seen in other 

studies, where reductions were 66 % in New York (Raciti et al., 2012); 68 % in China (Wei et al., 2014b); and 61.86 % 

(Majidzadeh et al., 2017). However, a review by Vasenev and Kuzyakov (2018) found that on average, at 50-100 cm depth, 

sealed soil OC stocks were 25 % lower than under lawns, but 10 % higher than under trees and shrubs. This suggests that C 

losses may be smaller further down the soil profile, and additionally, that the context of the unsealed greenspace soil is 295 

important when making comparisons. Despite our results showing smaller soil C stocks in SU soil than greenspace soil 

(3.10 kg C/m-2 and 4.92 kg C/m-2 at 0-10 cm), our SU soil C stocks were still greater than other published sealed C stocks 

(reported in Sect 4.1.1.); and were comparable to those reported for greenspaces in Alabama, at 3.38 kg C m-2 at 0-10 cm 

(Majidzadeh et al., 2017), and Nanjing City, at 4.52 kg C m-2 at 0-20 cm (Wei et al., 2014a).  

 300 

Due to the excavation of topsoil for road construction, the sealed soil studied is typically from deep in the soil profile. Deep 

urban soils beyond 50 cm depth are rarely studied, particularly so for sealed soils, however they form a very large proportion 

of the urban soil profile and play an important role in urban soil C storage (Cambou et al., 2018; Vasenev and Kuzyakov, 

2018). Our larger sealed soil C stocks may be a result of various factors. It has been suggested that sealing prevents 

decomposition due to sealed soil being isolated from the atmosphere and creating unfavourable conditions for microbes (Raciti 305 

et al., 2012; Piotrowska-Długosz and Charzyński, 2015) and thus, while sealing may isolate subsoil C stocks from litter inputs 

and decomposition, it does not necessarily deplete them (Vasenev and Kuzyakov, 2018). It is likely that the SU soil C stocks 

are a result of the high clay content of the sealed soil, as clay soils can provide high C stabilisation due to organo-mineral 

complexes which protect C from decomposition (Hassink, 1997; Six et al., 2002; Lorenz et al., 2008). However, the addition 

of anthropogenic C to road subbases, as previously discussed for SA soil, may also have contributed to the SU soil C stocks 310 
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through transport of C. Little is known about the movement of water and dissolved nutrients through sealed soil, though it has 

been suggested that dissolved C may travel into sealed soils from more C rich unsealed areas (Majidzadeh et al., 2017; Pereira 

et al., 2021); and dissolved charcoal is known to be mobilised in soils where there is water flow (Jaffé et al., 2013). Overall, 

the findings for SU soil C stocks support the argument that sealed subsoil C plays an important role in urban soil C storage 

and should be included in urban soil C assessments. 315 

4.2 Nutrient stocks are reduced by sealing   

Stocks of total N and total P were significantly smaller in both sealed soils compared to greenspace soil. The findings for N 

stocks corroborate those of other sealed studies, where N content and stocks have been consistency lower than in unsealed 

soils (Raciti et al., 2012; Wei et al., 2014a; Wei et al., 2014b; Majidzadeh et al., 2017; Piotrowska-Długosz and Charzyński, 

2015). This is potentially due to the loss of N as a result of topsoil removal during the sealing construction process and the 320 

consequent lack of litter inputs following sealing. The reduction in plant growth and organic matter inputs will lead to low 

levels of substrate and low rates of mineralisation and nitrification, impacting nutrient stocks. It has also been suggested that 

N content may be reduced in sealed soils due to aqueous losses of dissolved N, or gaseous losses as a result of denitrification 

(Raciti et al., 2012). 

 325 

The C:N ratio was notably higher in SA soil than both other soils, likely as a result of additions of anthropogenic C, and 

correlation analysis showed there were significant positive relationships between C and N in both sealed soils and greenspace 

soil. This is in contrast to previous studies that found no relationship between C and N in sealed soil (Raciti et al., 2012; 

Majidzadeh et al., 2017); while one study found sealing led to a lower C:N ratio, with lower C explained by a lack of organic 

matter inputs, and a disruption in the relationship between C and N (Wei et al., 2014b). It has been suggested that sealing 330 

decouples C and N (Raciti et al., 2012; Wei et al., 2014b), an assertion which is supported by the C:N ratio seen here in SA 

soil, however, the strong positive correlation between C and N in both SU and SA soil suggest this decoupling may not always 

occur in sealed soils.  

 

Studies of total P stocks are rare in sealed soils. We found that sealing significantly reduced total P stocks in both sealed soils 335 

compared to greenspace soil. These findings are contrary to other observations of P, where Olsen P concentration was greater 

in sealed soils (Wei et al., 2014a; Martinová et al., 2016); and P extracted using the Mehlich-1 method was greater in soils of 

crawl spaces beneath houses than in adjacent lawns (Majidzadeh et al., 2017; Majidzadeh et al., 2018). These observed 

increases have been explained by the absence of P uptake by plants, and reduced loss of P by leaching or runoff (Wei et al., 

2014a; Majidzadeh et al., 2018). In a study in Poland, no difference in available P content was observed between sealed and 340 

unsealed soil, though semi-pervious soil did have a slightly lower P content (Piotrowska-Długosz and Charzyński, 2015). Our 

results may differ from other studies due to the difference in analysis method and the form of P analysed. In addition, some of 

the differences may be attributable to notable climatic differences between the study locations.  
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4.3 Anthropogenic additions influence nutrient dynamics  

The SU soil had greater ammonium content and significantly lower nitrate content than greenspace soil; but the SA soil showed 345 

no difference in mineral N to the greenspace soil. The presence of ammonium in SU soil suggests that mineralisation had 

occurred in this soil to some degree, however, it is unknown whether this had occurred previously, utilising SOM leftover 

prior to sealing, or whether the process was ongoing. Potential N mineralisation has been observed to be significantly lower in 

sealed soil (Zhao et al., 2012), though some have found no significant difference in N mineralisation or inorganic N levels 

between sealed and unsealed soil (Wei et al., 2014a). It has been suggested that nutrient deficiency in sealed soils may stimulate 350 

microbes to decompose any available N into ammonium for their survival, and that anaerobic conditions may promote the 

conversion of nitrate to ammonium by nitrate reductase or to N2O gas through denitrification (Norton and Stark, 2011; Raciti 

et al., 2012; Zhao et al., 2012). Ammonium can also accumulate in soil as a result of sorption to clay minerals (Nieder et al., 

2011; Sahrawat, 2008; Weil and Brady, 2017); and exchangeable ammonium has been seen to increase following vegetation 

removal, perhaps due to reduced plant uptake, death of root material and decreased transpiration leading to more water 355 

movement in soil (Page, 2004), processes which may also occur in sealed soil. 

 

Average nitrate content for greenspace and SA soils were similar to previous urban soil nitrate observations, which range from 

3.3 mg/kg for bare soil in Beijing (Zhao et al., 2012), to 8.7 mg/kg for park soil in Leuven, Belgium (Martinová et al., 2016). 

There was variation between the two sealed soils, with SU soil having significantly lower nitrate content than greenspace soil 360 

and SA soil showing no significant difference to greenspace soil. In the SU soil, it is possible that sealing conditions restricted 

the growth of the microbial community (Lorenz and Lal, 2009), thus preventing nitrification. SU soils exhibited high bulk 

density suggesting the soil is compacted and may be limited in oxygen. The presence of oxygen is a key control in nitrate 

production (Sahrawat, 2008; Weil and Brady, 2017), and compacted soils typically have lower aeration, soil moisture and 

reduced rates of nitrification (De Neve and Hofman, 2000). Our data for SU soil supports findings from previous sealing 365 

studies, where nitrification and other microbial activities were notably reduced by sealing (Zhao et al., 2012; Wei et al., 2014a; 

Pereira et al., 2021). There is also the possibility that our low nitrate content was a result of losses due to denitrification or 

leaching of dissolved mineral N, as suggested by Raciti et al. (2012). The high pH of the SU soil and the presence of 

redoximorphic features exhibited by these samples both suggest reduction conditions and anoxic patches, within which 

denitrification could occur. As such, the low nitrate content in SU soil may have been due to reduced nitrification or increased 370 

denitrification, both of which can occur at low oxygen concentrations (Norton and Stark, 2011).  

 

Conversely, the SA soil exhibited slightly higher nitrate content than SU soil and showed no difference to greenspace soil. 

This may be a result of numerous factors. Bulk density was lower in SA soil suggesting improved aeration and greater oxygen 

levels than in the SU soil. This could lead to conditions sufficient for nitrification in SA soil leading to the slightly higher 375 

nitrate levels, or alternatively, the reduction of denitrification conditions which would lead to reduced nitrate losses as N2O 
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gas. In addition, charcoal added to soil has been found to alleviate factors that inhibit nitrification (Abdelrahman et al., 2018), 

suggesting there may be benefits for nitrate levels from the anthropogenic additions of charcoal to the SA soil. As seen in our 

findings, soil nutrient dynamics within sealed soils remain largely unknown, highlighting the importance of further research 

into sealed soil processes and the potential effects of anthropogenic materials on these important soil functions.  380 

5 Conclusions 

This study has found a number of widespread effects of sealing on soil properties, carbon storage and nutrient dynamics. Soil 

properties were significantly affected by soil sealing, leading to higher pH, lower soil moisture and higher bulk density than 

in greenspace soils. This study has highlighted, for the first time, the potential importance of anthropogenic additions to soil 

carbon stocks under sealed surfaces. We found that anthropogenic additions of C-rich materials to sealed soils can lead to 385 

notably large soil C stocks, in some cases larger than greenspace soils, forming a legacy C store under sealed surfaces. This 

highlights that land development history is potentially an important control on urban soil C storage and its heterogeneity within, 

and between, cities. Our findings also indicate that this legacy C storage in sealed soils may include stable OC with long 

residence times as a result of historic OC additions in areas with an industrial past. However, further work into the long-term 

OC storage capabilities of sealed soil is needed to provide a complete picture of urban soil C storage. Inorganic C also 390 

contributes to this legacy C store in sealed soils due to the weathering of minerals from concrete and calcareous materials; and 

the potential for atmospheric CO2 removal due to calcium carbonate production in sealed soils is an area in need of further 

investigation. Mineral N dynamics in sealed soils also appeared to be influenced by anthropogenic additions. This may have 

been a result of improved soil structure and conditions for nitrification, or a lack of conditions leading to denitrification 

compared to relatively undisturbed sealed soils. Where sealed soils remained relatively undisturbed and altered by human 395 

additions, carbon, N and P stocks were all reduced. Overall, this study points to a need to understand how land development 

history influences sealed soil functioning, and for further studies that advance our understanding of carbon stocks and nutrient 

dynamics in sealed soils. 
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