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Abstract: Soil organic carbon (SOC) is a crucial indicator of soil health and soil productivity. The long-
term implications of rapid urbanization on sustainability have, in recent years, raised concern. This
study aimed to characterize the SOC stocks in the Johannesburg Granite Dome, a highly urbanized
and contaminated area. Six soil hydropedological groups; (recharge (deep), recharge (shallow),
responsive (shallow), responsive (saturated), interflow (A/B), and interflow (soil/bedrock)) were
identified to determine the vertical distribution of the SOC stocks and assess the variation among
the soil groups. The carbon (C) content, bulk density, and soil depth were determined for all soil
groups, and thereafter the SOC stocks were calculated. Organic C stocks in the A horizon ranged, on
average, from 33.55 ± 21.73 t C ha−1 for recharge (deep) soils to 17.11 ± 7.62 t C ha−1 for responsive
(shallow) soils. Higher C contents in some soils did not necessarily indicate higher SOC stocks due to
the combined influence of soil depth and bulk density. Additionally, the total SOC stocks ranged
from 92.82 ± 39.2 t C ha−1 for recharge (deep) soils to 22.81 ± 16.84 t C ha−1 for responsive (shallow)
soils. Future studies should determine the SOC stocks in urban areas, taking diverse land-uses
and the presence of iron (Fe) oxides into consideration. This is crucial for understanding urban
ecosystem functions.

Keywords: soil quality; soil organic carbon stocks; and urban areas

1. Introduction

An increasing urban population has stimulated interest in the status and sustainable
use of soil resources in urban areas. Anthropogenic activities have largely contributed
to the variation of urban soil properties [1]. Urban soils are generally characterized by
increased bulk density, pH levels, and carbon (C) content due to organic pollutants at
industrial sites, increased residential waste, traffic, and infrastructure [2–5]. Conversely, a
study by [6] found that soil pH and bulk density were not significantly different in urban
areas. However, soils in the city of Johannesburg, the economic hub of Africa, are diverse
in both physical and biochemical aspects. Gold mine tailings across the city are often laden
with lead and arsenic [7,8], reducing agricultural productivity and overall soil quality.

Soils provide essential ecological services, such as nutrient cycling, biomass produc-
tion, a habitat for soil organisms, storage and filtration of water, and C storage [9]. Soil
organic carbon (SOC), a measurable component of soil organic matter (SOM), is an impor-
tant soil quality indicator, as it influences climate change mitigation [10,11], soil fertility,
porosity, aggregation, and water-holding capacity [12,13]. Soils act as either a source or sink
of atmospheric carbon dioxide (CO2) and thus play a crucial role in the storage of carbon
(C). Extensive cultivation and deforestation are part of the largest anthropogenic sources of
CO2 [14]. Carbon dioxide emissions in areas affected by deforestation were 0.4 Pg C yr−1,
approximately 0.3 Pg C yr−1 less than the average from 1997 to 2008. Soil organic matter is
primarily derived from plant residues [15] and is a source of essential plant nutrients, such
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as nitrogen, phosphorus, potassium, calcium, and magnesium. Furthermore, SOM binds
soil particles and forms aggregates, improving the water-holding capacity of soils [16]. Pre-
vious research found urban soils often are water deficient [17], but Mao et al. [6] discovered
that soil moisture content and SOC increased notably from the urban periphery to the core.

In recent decades, environmental policy-making has integrated the protection of soil
resources to promote sustainability. There is a need for detailed soil quality data in urban
areas due to unsustainable development. Although urban areas occupy about 0.5% of
the global land surface [18], they are responsible for approximately 70–75% of global
anthropogenic CO2 emissions [19]. Rapid urbanization leads to environmental challenges,
such as the modification of local and regional climate [20], the loss of biodiversity caused by
the destruction of natural habitats [21], as well as the degradation of water resources [22].
The characterization of urban SOC stocks is, therefore, crucial for understanding urban
ecosystem functions.

Carbon storage in South African cities has hardly been researched. Generally, 58%
of soils in South Africa have less than 0.5% SOC and only 4% of soils have more than 2%
SOC [23]. Recently, there has been increased interest in quantifying C storage in urban
areas [24–26]. Some research indicated that SOC stocks are not significantly different across
urban areas [6,24]. Moreover, in the United Kingdom, the total SOC storage was estimated
to be about 17.6 kg m−2 for urban areas [25]. One study [26], which aimed to describe
the impacts of urbanization on the SOC stocks in north-eastern China, found a decrease
from 2.77 ± 1.09 kg m−2 to 2.16 ± 0.93 kg m−2 over two decades. The loss in carbon was
attributed to rapid urbanization.

Here, we hypothesize that an increase in the retention of water and a higher bulk
density result in greater SOC stocks. This study aims to determine the vertical distribution
of SOC stocks in six hydropedological groups identified in the Johannesburg Granite Dome
area and assesses the variation among the groups.

2. Materials and Methods
2.1. Study Area

The study was conducted in the Johannesburg Granite Dome area (Figure 1), partly
located in the Upper Crocodile catchment. The catchment area is part of the Witwatersrand
Supergroup, underlain by a combination of granitic, gneissic, and granodiorite rocks, which
have been weathered and modified by tectonic processes [27]. The research site has soils
that have been severely altered by sand mining [28]. Due to the soil-forming process of
ferrolysis (reduction of free iron (III) oxides to Fe2+ followed by the oxidation of Fe2+), soils
in this area have limited clay accumulation. Johannesburg has a semi-arid environment.
It is a summer rainfall area, receiving most of its rainfall between October and March.
The region has a mean annual precipitation of 682 mm and mean annual evaporation of
approximately 1700 mm [27].

Johannesburg is the primary economic hub of sub-Saharan Africa, with a population
of 5.7 million people [29]. The Johannesburg Granite Dome area is drained by the Jukskei
and Crocodile Rivers, recognized as a stressed catchment in South Africa [27]. The study
area, with a total surface area of 768 km2, was identified by the South African Department
of Environmental, Forestry, and Fisheries as one of the catchments that required urgent
attention in terms of environmental quality. The main drivers of a decline in environmental
quality are agricultural, domestic, industrial, and mining processes [10]. Catchments in
this area have been studied previously [30–32]; however, quite a few focus on soil quality.
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perature, sieved through a 2 mm screen, and then analysed for SOC content. 

Figure 1. Location of the sampling sites within Johannesburg Granite Dome.

2.2. Soil Data and Analysis

A total of 93 sampling sites were randomly identified within the study area as part
of a previous research project to determine the hydropedological behaviour of the catch-
ment [33]. Soil samples were collected throughout the soil profiles using an auger and
then classified according to the South African Soil Classification System [34] and the Food
and Agricultural Organization (FAO) World Reference Base (WRB) [35]. At each sampling
site, all the diagnostic soil horizons (A, B, and C) were sampled, irrespective of soil depth.
Using the South African Soil Classification System, a total of 17 soil forms were identified
(Table 1). For simplification, these soil forms were regrouped into six hydropedological
groups, as described by [36], namely: recharge (deep), recharge (shallow), responsive (sat-
urated), responsive (shallow), interflow (A/B), and interflow (soil/bedrock) soils. These
hydropedological groupings were selected for this study because they capture some of
the key factors affecting soil C content [37], such as soil moisture, drainage, texture, aer-
ation, and position in the landscape. A brief description of the dominant properties of
these hydropedological groups is presented in Table 1. Soil samples were dried at room
temperature, sieved through a 2 mm screen, and then analysed for SOC content.
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Table 1. Description of the six hydropedological groups and the respective South African and FAO WRB soil classifica-
tion systems.

Hydropedological Group Soil Forms [34] WRB [35] Description

Recharge (deep) Glencoe, Clovelly, Hutton,
Constantia, Griffin

Plinthosols, Acrisol,
Arenosols

These soils show limited signs of
saturation and water flows vertically

through and out of the soil profile.

Recharge (shallow) Glenrosa, Mispah Leptosols
These soils also show limited signs of
wetness, where water flows vertically

into the underlying bedrock.

Responsive (saturated) Westleigh, Kroonstad,
Katspruit Plinthosols, Gleysols

These soils show prolonged periods
of saturation and typically result in
overland flow due to limited water

storage capacity.

Responsive (shallow) Dresden, Mispah Plinthosols, Leptosols

Shallow soils with a permeable
underlying rock. These soils have

limited water storage capacity,
promoting overland flow.

Interflow (A/B) Longlands, Wasbank Plinthosols, Planosols,
Acrisols, Luvisols

These are typically duplex soils, with
clayey topsoil horizons, facilitating

build-up of water.

Interflow (soil/bedrock) Avalon, Pinedene,
Fernwood, Tukulu

Plinthosols, Lixisols,
Arenosols, Stagnosols,

Acrisols,

In these soils, a freely drained soil
horizon overlies a relatively

impermeable bedrock, leading to
periodic saturation.

2.2.1. Soil Bulk Density

A total of 14 undisturbed core samples (730 cm3) were collected from the diagnostic
horizons of the representative profiles to determine bulk density. Bulk density was calcu-
lated by dividing the oven-dried soil weight by total core volume, as described in [38]. Due
to time and cost constraints, a limited number of samples were collected, which resulted in
some standard deviation calculations being equal to zero (Table 2).

Table 2. Summary of the mean soil bulk density, C content, and SOC stocks for each hydropedological group at the
respective soil horizons (mean ± standard deviation).

Hydropedological
Group

Average Soil Depth
(cm) Horizon Bulk Density

(g cm−3) Soil C (%) SOC Stocks
(t C ha−1) n

Recharge
(deep) 20 A 1.51 ± 0 1.33 ± 0.85 35.05 ± 22.41 29

50 B 1.56 ± 0.72 0.53 ± 0.13 41.42 ± 10.87 28
180 C 1.41 ± 0.11 0.24 ± 0.06 16.35 ± 5.92 20

Total 250 92.82 ± 39.2 77

Recharge
(shallow) 15 A 1.46 ± 0 1.14 ± 0.44 25.50 ± 9.77 9

80 B 1.26 ± 0 0.34 ± 0.37 27.84 ± 29.89 9
15 C 1.40 ± 0.16 0.11 ± 0.14 2.83 ± 3.97 9

Total 110 56.17 ± 43.63 27

Responsive
(saturated) 15 A 1.21 ± 0 1.58 ± 0.76 30.16 ± 14.55 13

30 B 1.55 ± 0 0.58 ± 0.18 27.61 ± 8.51 13
110 C 1.50 ± 0.07 0.32 ± 0.20 29.93 ± 21.55 13

Total 155 87.7 ± 44.61 39
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Table 2. Cont.

Hydropedological
Group

Average Soil Depth
(cm) Horizon Bulk Density

(g cm−3) Soil C (%) SOC Stocks
(t C ha−1) n

Responsive
(shallow) 15 A 1.41 ± 0 1.00 ± 0.44 17.11 ± 7.62 5

10 B 1.55 ± 0 0.28 ± 0.39 4.27 ± 6.02 5
30 C 1.45 ± 0 0.10 ± 0.22 1.43 ± 3.20 5

Total 55 22.81 ± 16.84 15

Interflow (A/B) 15 A 1.39 ± 0 1.17 ± 0.59 19.54 ± 9.83 15
30 B 1.45 ± 0.01 0.45 ± 0.20 19.44 ± 8.49 15
15 C 1.47 ± 0.07 0.19 ± 0.16 5.51 ± 4.66 15

Total 60 44.49 ± 22.98 45

Interflow
(soil/bedrock) 15 A 1.43 ± 0 1.01 ± 0.35 23.21 ± 8.11 22

35 B 1.57 ± 0.06 0.47 ± 0.26 26.23 ± 13.25 22
60 C 1.46 ± 0.10 0.25 ± 0.08 12.30 ± 5.59 18

Total 110 61.74 ± 26.95 62

2.2.2. Soil C Content and Soil C Stocks

A total of 265 soil samples were collected from the diagnostic horizons to analyse SOC
content. Soil organic carbon content was analysed by dry combustion adapted from [39],
with a TruSpec Leco CN analyser.

To calculate the soil C stocks in terms of the mass of C in tons per hectare (t C ha−1),
the soil C at each sampling location was multiplied by the corresponding soil bulk density
and soil horizon thickness, as presented in Equation (1).

SOC stocks = Soil C × BD × t, (1)

where:

SOC stocks = soil carbon stocks (t C ha−1);
Soil C = soil C carbon (%);
BD = soil bulk density (g cm−3);
t = soil depth (cm).

2.2.3. Spatial Representation of Carbon Stocks

The calculated SOC stocks data were applied to the map units of an existing Johan-
nesburg Granite Dome hydropedological soil map by [40]. The map was created using
multinomial logistic regression, with a point accuracy of 80% and a Kappa statistic value
of 0.71. A Kappa coefficient value closer to one is preferred, as it indicates that the map
provides a good representation of reality. Two choropleth SOC stocks maps were created;
one representing the SOC stocks in the A horizon and the other for the total SOC stocks.
Although soil observations were only made in selected hillslopes, the C stocks could be
mapped for the entire area.

2.2.4. Statistical Analysis

All data were tested for normality and homogeneity using the Shapiro–Wilk and
Levene’s test, respectively. Thereafter, statistical analyses were then performed with the
IBM SPSS Statistics Version 26 software package (SPSS Inc. IBM Corp. Armonk, New York,
USA). All measured and calculated parameters were subjected to a two-way analysis of
variance (ANOVA) to determine the significant differences between SOC and SOC stocks
among the soil hydropedological groupings. Since the data were unbalanced (sample sizes
are not all equal), Welch’s test was used to determine the equivalence of the standardized
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means. Furthermore, means were compared with Tukey’s honestly significant difference
(HSD) post-hoc tests at the 95% confidence level.

3. Results
Soil C Content and Soil C Stocks

A summary of the measured soil C, bulk density, and the calculated C stocks for all
soil hydropedological groups at the different soil depths, is indicated in Table 2. There was
no significant difference between the soil group for the C content; however, there were
significant differences among the diagnostic soil horizons (F = (2, 247) = 105.35, p = 0.000).
In addition, there was a statistical correlation between the interaction of the soil groups
and diagnostic soil horizons and SOC stocks (F = (10, 247) = 2.58, p = 0.005).

(a) Recharge (deep) soils

The results showed that the soil C content ranged, on average, between 0.24 ± 0.06%
for Horizon C to 1.33 ± 0.85% for Horizon A. The steepest decline (0.8%) was observed
from Horizon A to Horizon B (Figure 2a). Additionally, the B and A horizons contained
the majority of the SOC stocks, with 41.42 ± 10.87 and 35.05 ± 22.41 t C ha-1, respectively.
However, the mean soil C content measured in Horizon A (1.33 ± 0.85%) was significantly
higher than that in Horizon B (0.53 ± 0.13%). These soils recorded the highest mean C
stocks in the A and B horizons as well as total C stocks (92.82 ± 39.2 t C ha−1) of all the
hydropedological groups.
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Figure 2. The vertical distribution of soil carbon within the (a) recharge (deep); (b) recharge (shallow); (c) responsive (saturated);
(d) responsive (shallow); (e) interflow (A/B); and (f) interflow (soil/bedrock) soil profiles for the A, B, and C horizons.
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(b) Recharge (shallow) soils

The A horizon contained the most soil C (1.14 ± 0.44%); however, this was not reflected
in the SOC stocks (25.50 ± 9.77 t C ha−1). The B horizon showed the highest SOC stocks
(27.84 ± 29.89 t C ha−1). Similar to recharge (deep) soils, the steepest decline (0.8%) was
observed from the A to B Horizon (Figure 2b). These soil profiles did not follow the trend
of a decrease in SOC stocks with an increase in soil depth. This highlights the contrast
between C (%) and C stocks (t C ha−1). The SOC stocks ranged between 2.83 ± 3.97 (C
horizon) and 27.84 ± 29.89 t C ha−1 (B horizon). The total C stocks recorded for these soils
were 56.17 ± 43.63 t C ha−1.

(c) Responsive (saturated) soils

These soils displayed the highest mean soil C content (1.58 ± 0.76%), in comparison
to all other hydropedological groups, in the A Horizon. The steepest decline (1%) was
observed from Horizon A to Horizon B, which was the steepest decline from any horizon
in all the soil groups (Figure 2c).

These soils were the only group to record mean soil C stocks over 25 t C ha−1 in
all soil horizons. Although these soils also recorded the highest mean C contents in all
horizons, this did not translate into the highest mean SOC stocks available. The soil C
content ranged, on average, between 0.32 ± 0.20% for the C horizon and 1.58 ± 0.76% for
the A horizon. The average SOC stocks in these soils ranged between 27.61 ± 8.51 t C ha−1

for the B horizon and 30.16 ± 14.55 t C ha−1 for the A horizon. These soils further recorded
the second highest total C stocks, 87.7 ± 44.61 t C ha−1.

(d) Responsive (shallow) soils

These soils recorded the lowest mean soil C content in all three horizons (1.00 ± 0.44,
0.28 ± 0.39, and 0.10 ± 0.22%, respectively) as well as the lowest total C content (0.46 ± 0.52%).
Soil C content in these soils gradually decreased by 0.72% from the A horizon to the B
horizon and by 0.18% from the B to C horizon (Figure 2d).

The average SOC stocks in these soils were mainly located in the A horizon, with
17.11 ± 7.62 t C ha−1. The B and C horizons both recorded values below 5 t C ha−1,
4.27 ± 6.02 and 1.43 ± 3.20 t C ha−1, respectively. Out of all the hydropedological groups,
these were also the lowest SOC stocks recorded. The mean SOC stocks in all horizons failed
to exceed 20 t C ha-1, with total SOC stocks of 22.81 ± 16.84 t C ha−1. These soils followed
the trend of a decrease in SOC stocks with an increase in soil depth.

(e) Interflow (A/B) soils

The results showed that the soil C content ranged, on average, between 0.19 ± 0.16% for
Horizon C to 1.17 ± 0.59% for Horizon A. The steepest decline (0.72%) was observed from
Horizon A to Horizon B, with a 0.26% decline from Horizon B to Horizon C (Figure 2e).

Furthermore, the A and B horizons showed the highest SOC stocks, with 19.54 ± 9.83
and 19.44 ± 8.49 t C ha−1, respectively. These soils followed the trend of a decrease in SOC
stocks with an increase in soil depth, with the C horizon recording 5.51 ± 4.66 t C ha−1.
Similar to responsive (shallow) soils, the mean soil C stock values in all horizons failed to
exceed 20 t C ha−1, with total C stocks of 44.49 ± 22.98 t C ha−1.

(f) Interflow (soil/bedrock) soils

Similar to all other hydropedological groups, the soil C content was mainly concen-
trated in the A horizon. It ranged, on average, between 0.25 ± 0.08% (horizon C) and
1.01 ± 0.35%. The steepest decline (0.54%) was observed from Horizon A to Horizon B
(Figure 2f). Like the recharge (deep) and recharge (shallow) soils, these soils also recorded
the highest SOC stocks in the B horizon (26.23 ± 13.25 t C ha−1). The mean SOC stocks
ranged, on average, between 12.30 ± 5.59 and 26.23 ± 13.25 t C ha−1. The total SOC stocks
recorded for these soils were 61.74 ± 26.95 t C ha−1.

Soil organic carbon stocks, both in the topsoil and entire soil profile, are graphically
presented in Figure 3.
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soil profile.

4. Discussion

In this study, the results showed that soil groups had no significant impact on the soil
C content, but the diagnostic soil horizons did have a significant impact on soil C. Further-
more, the interaction between soil groups and diagnostic soil horizons had a significant
impact on the SOC stocks. The amount of soil C is dependent on soil moisture, drainage,
texture, aeration, vegetation, and position in the landscape [41]. In urban areas, population
changes and population density affect CO2 emissions. Research in the United States found
that large cities with a greater population size resulted in increased emissions [42]. Addi-
tionally, Rybski et al. [43] presented evidence to support that urban emissions are largely
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dependent on the degree of the city’s development. In this study, however, we have no
data to discuss the effect of population changes and density, soil texture, land management,
and vegetation on urban emissions.

4.1. Soil Carbon Content

Soil organic matter is a key component of any terrestrial ecosystem, and any variation
in its abundance and composition has important effects on many of the processes that
occur within soil systems [44]. Soil organic matter decomposition is influenced by soil
moisture content [44,45]. Soil organic matter decomposition is inadequate in dry conditions,
resulting in relatively low C contents. In this study, soil groups had no significant impact on
soil C contents and, therefore, differences in SOC stocks could not be due to soil moisture.
This was observed in recharge (deep) and recharge (shallow) soils with limited signs of
saturation, which had important soil C pools within the first 70 and 95 cm, respectively.
Similarly, Parajuli & Duffy [46] found that the C amount was not influenced by soil
moisture. Conversely, Liu et al. and Hobley et al. [47,48] described the accumulation of
SOC at increasing levels of soil moisture. It is worth noting that the shallow soils in the
catchment, namely, recharge (shallow), responsive (shallow), and interflow (A/B), had
lower amounts of C than the deep soils at relatively the same depths. This could be due to
fewer disturbances in the soils. Future studies in the city of Johannesburg could research
the effect of land-use and land management on C capture and storage. Understanding the
effect of land management practices on SOC sequestration is crucial for adopting effective
management strategies.

4.2. Soil Carbon Stocks

Organic carbon stocks can differ significantly due to the influence of land manage-
ment [24,49]. Traffic in urban areas has an impact on soil bulk density. Previous studies
reported a strong correlation between bulk density and SOC stocks [50–52], which is consis-
tent with the results of the present study in which the SOC stocks increased with increasing
bulk density (Table 2). Soil C contents were significantly different in all diagnostic soil
horizons, influencing the amount of SOC stocks in the individual horizons. Soil depth also
played an important role in the calculation of SOC stocks. The deep soil groups (recharge
(deep), responsive (saturated), and interflow (soil/bedrock)) had the three highest SOC stocks
because deeper diagnostic horizons have a high capacity to store significant amounts of C.

Soils in the study area were formed during the process of ferrolysis. During the
dry season, Fe2+ is oxidized to produce Fe3+ oxides. The presence of Fe3+ oxides affects
the C dynamics in soils [53,54]. A study [55] found that soils with a higher clay content
have higher SOC stocks because clay protects SOM from decomposition, whereas [56]
determined the opposite to be true. They found that clay-textured soils accelerated SOM
decomposition. To determine the role of Fe3+ oxides on SOC stocks in this area, analysis
should be done on samples collected during the wet season. In wet conditions, Fe3+ is
reduced to produce Fe2+. Ferrolysis results in the seasonal destruction and translocation of
clay [57].

5. Conclusions

The findings in this study demonstrated that the majority of SOC stocks were con-
tained near the surface layer of the soil groups studied. It was also shown that there is a
combined effect of bulk density, soil depth, and soil C in diagnostic horizons on the accu-
mulation of SOC stocks within the soils. The presence of Fe3+ oxides may have contributed
to the observed SOC stocks; however, this needs to be researched further. Soil C was
significantly higher in the deeper soils at relatively similar depths, possibly due to fewer
soil disturbances. It was also discovered that a relatively high C content did not necessarily
translate to high SOC stocks. Therefore, it can be concluded that SOC stocks should be used
to determine the C storing capacity of soils, rather than C content, because bulk density
and soil depth are also taken into consideration. The role of land management on the SOC
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stocks in Johannesburg should be monitored as it may be necessary to continually revise
management strategies for modified urban environments.
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