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The poor state of the environment, especially in urban areas, has become
a major global issue, with developing countries such as Nigeria voicing
growing concern. There is a scarcity of knowledge on the environmental
impact of PFSs as a result of the loss of life and property, as well as other
serious socio-economic implications of non-compliance with PFSs siting
criteria. The historical literature on the impact of residential buildings,
the environment, and human health on PFSs in Nigeria, as well as the
study’s gap, is examined in this research. It also outlines DPR compliance
with PFSs location as well as established criteria for prohibiting PFS
sitting in Nigeria’s states. Relevant publications on PFSs-related topics
were downloaded from Google Scholar. The goal of this study is to look
back on a previous essay about PFSs in Nigeria and its impacts on the
environment and human health. This study’s main purpose is to give a
complete overview of Nigerian PFSs. According to the article analyzed, the
majority of PFSs were located close to residents, with setbacks from the
road and residential areas of less than 30 m in 90% of the filling stations.
As a result, the landowners can band together to argue that a facility that
is improperly sited cannot be built. A great deal of public participation is
required. A campaign should be launched to raise awareness among filling
station owners and other developers of the dangers of non-compliance with
established norms. All violators of the established norms, as well as corrupt
officials of enforcement agencies/bodies, should face open punishment
so that others might learn their lessons. Finally, appropriate planning is
required to allow future road expansion.

Department of Environmental Management and Pollution Control, Nigeria Maritime University, Okerenkoko, Nigeria;

Email: rutheyankware@yahoo.com

DOI: https://doi.org/10.30564/jees.v4i1.4073

Copyright © 2022 by the author(s). Published by Bilingual Publishing Co. This is an open access article under the Creative Commons
Attribution-NonCommercial 4.0 International (CC BY-NC 4.0) License. (https://creativecommons.org/licenses/by-nc/4.0/).


mailto:rutheyankware@yahoo.com

Journal of Environmental & Earth Sciences | Volume 04 | Issue 01 | April 2022

1. Introduction

Volatile organic compounds (VOCs) are a diverse col-
lection of substances distinguished by their relatively high
vapor pressures. Exposure to these substances can cause
asthma, headaches, mucosal symptoms ', and, in some
situations (e.g., benzene), an elevated risk of cancer .
In Europe, benzene is the only VOC that is officially reg-
ulated in terms of air quality (Directives 2000/69/EC and
2008/50/EC). VOCs have indirect health consequences due
to their role as ozone and other photochemical pollution
precursors. PFSs are frequently the largest source of VOCs
in metropolitan settings. Additional sources include traffic
and small-scale companies that employ organic chemicals
as solvents (paint, glue, etc.). Petrol stations as VOC emis-
sion sources have been the topic of much research in recent
years, with a special focus on the design and evaluation
of control systems in an effort to reduce environmental
concerns and emissions **. Mostly those concerning their
effects on employees and environmental issues ",

Several studies in the worldwide literature have looked
at local projections of petroleum vapours on petrol sta-
tion workers’ health and the impact of petrol stations on
their immediate surroundings, and gas stations as a major
source of VOCs ">'¥). The inclusion of petrol stations
within residential zones in human settlements was de-
termined by the uncontrolled and rapid sprawl of built-
up houses unique to Romanian urban ecosystems "'*.
This is why we’re interested in doing a temporal analy-
sis of incompatible land use and land-cover to find ev-
idence for the velocity of change in terms of locational
conflicts between residential areas and gas stations. The
high VOC pressure on air quality provided a legislative
framework at the European level: Directive 1999/13/
EC which promotes the reduction of VOC emissions
caused by the use of organic solvents in certain activities
and installations; and Directive 94/63/EC, which high-
lights that VOC emissions contribute significantly to air
pollution ">,

Although Spanish petrol stations were traditionally
located in relatively empty areas, the country’s continual
urbanization has resulted in numerous petrol stations be-
ing established within metropolitan areas surrounded by
structures in recent years. This issue has sparked a debate
between residents whose homes are close to gas stations
and the authorities in charge of land management. With

oil products, the residential areas-gas stations’ relation-
ship can cause fires, increased traffic, noise, pollutants,
waste, and wastewater ' The climate zone, road net-
work features, and urban agglomeration all amplify these
effects """, The haphazard expansion of built surfaces in
Romania, particularly residential areas, has resulted in the
replacement of the terrain profile, from one prodct to one
consumer, as well as the residential areas’ closeness to
opposing functions "*). In general, gas stations are posi-
tioned only for economic reasons, with little consistency
in issuing building certificates and no proper oversight of
conformity with territorial planning requirements. Envi-
ronmental endowments are modest, and environmental
components are only superficially monitored at these gas
stations. All of them are linked to excessive VOC emis-
sions (particularly benzene), which cause structural dise-
quilibrium in environmental components.

In physical planning practices throughout the world,
the easy-going methods and littering of fuel filling stations
in approved residential land uses are unsafe, pervasive,
and forbidding. Even though anthropogenic actions such
as petrol filling stations and related commercial land use
development continue to fail the environmental impact
evaluation test of acceptance, compatibility, suitability,
and standard on a daily basis in developing countries
around the world, are common in residential neighbor-
hoods. In Sub-Saharan Africa, however, formal analysis
of other land uses, such as fuel filling stations, in order to
determine their social and environmental advantages and
disadvantages in terms of layout or residential neighbor-
hoods is no longer required. The reasons for this excep-
tional rise are not difficult to imagine. The oil business
became a major source of energy with the start of the
industrial revolution at the turn of the twentieth century,
owing to the rise of the vehicle industry. Although oil is
an important petrochemical feedstock, it is also a source
of energy for the global economy """, As can be seen from
the above data, oil has played a significant role in the
growth of technology in our day. However, oil finding,
like any other technique, has its drawbacks. One of these
disadvantages is its harmful impact on the earth’s bio-
sphere, which includes the release of pollutants and green-
house gases into the environment, as well as ecosystem
damage from occurrences like oil spillage *”. As a result
of this predicament, developed countries are beginning to
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place a greater emphasis on a cleaner, more environmen-
tally friendly energy source. Nigeria’s energy needs are
provided by petroleum and natural gas reserves, which
are plentiful. The Nigerian economy is heavily reliant on
crude oil exports. The recent population growth in Nige-
ria has prompted a rise in demand for petroleum goods,
and many marketers have taken advantage of this need by
arbitrarily constructing service stations without consid-
ering the potential impact of their locations . The rapid
growth of built-up gas filling stations in primarily residen-
tial neighborhoods in developing nations, including Ni-
geria, is concerning and poses issues for a sustainable en-
vironment as well as violations of land use arrangements
and environmental aesthetics **. Opinions show the accu-
mulating and obstinate glassiness of these phenomena in
Nigerian residential zones, exacerbated by quick approval,
poor evaluation, and control of such developmental pro-
jects in residential areas by the relevant agencies, which
are safekeeping physical planning and urban development
without regard for the attendant environmental and health
implications.

The condition can also be a result of land use modifica-
tion or conversion, such as the continued presence of esca-
lating petrol stations in various types of residential areas.
It causes problems since extremely flammable petroleum
products are frequently stored in residential zones in con-
structed underground tanks for retail purposes. Further-
more, the inability of petrol station developers to comply
with the necessary laws guiding the development of such
activities, as well as a lack of strict control by appropriate
agencies, contribute to the location of such commercial
land use in the residential domain of Nigerian urban areas,
as more filling stations are built in order to meet demand.
As a result of the current scenario, it is becoming increas-
ingly frequent to find fueling stations positioned close to
residential areas. The consequence of this development is
increased air pollution due to the ongoing release of haz-
ardous chemicals into the atmosphere. These emissions
come from a variety of sources, including gasoline deliv-
ery to stations, tank breathing caused by temperature and
pressure fluctuations during vehicle refueling, emissions
from loosely closed tanks, and leakage caused by the mis-
handling of petroleum ®'". There is also the emission of
combustion products from the station’s vehicle engines *.
PFSs, as retail outlets for highly flammable petroleum

resources such as gas, gasoline, and kerosene, must be
strategically situated in relation to other operations to
minimize the damage to the nearby environment. Petrol
stations along the route were found to be too close togeth-
er; some were even built side by side, resulting in a great-
er likelihood of massive and wide-ranging consequences
on the nearby environment. The positions of gas stations
in relation to road crossings and U-Turns, as well as their
setbacks from the expressway, a high-tension power line,
and adjacent land uses, have generated concerns about
the area’s safety. Because the power supply in Nigeria is
known to be unreliable, many, if not all, of the stations
are planned to use privately owned generating facilities,
which may cause some noise and air pollution in the im-
mediate environment. Another source of concern is the
rowdiness at and near gas stations, especially when there
is a shortage of fuel. Economic expansion is now widely
acknowledged as a major contributor to developing en-
vironmental challenges, particularly when such develop-
ment is not sustainable.

The following are the objectives of this article: To
examine the effects of the expansion of PFSs in new loca-
tions on the environment and human health; examine EIA
requirements for PFS site suitability; and examine the im-
pact of their locations in order to find a long-term solution
to the problems.

Description of the Study Area

Nigeria is located in the West African sub-region be-
tween longitudes 30 and 140E and latitudes 40 and 140N
as shown in Figure 1. It has a total area of 923,768 square
kilometers. It is bordered to the North by the Republics
of Niger and Chad, and to the West by the Republic of
Benin. It shares Eastern borders with Cameroon all the
way down to the Atlantic Ocean’s coasts, establishing the
Nigerian Territory’s Southern boundaries.

Despite being totally inside the tropics, Nigeria’s cli-
mate ranges from tropical on the coast to sub-tropical in
the interior. The wet season runs from April to October,
with the dry season being from November to March. The
extreme maximum temperature in Southern coastal loca-
tions can reach 370 °C, while the extreme low is 100 °C.
Temperature extremes can vary from 400 to 5000 degrees

Celsius further north, and the climate is drier ?*.
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Figure 1. Nigerian map depicting the federating states |

2. Methods

In Nigeria, a similar technique was used to review
PFSs, and the same was used in order to assess the envi-
ronmental impact of petrol pumping stations near residen-
tial areas in Nigeria, as well as to suggest mitigating tech-
niques, articles from the last 5-10 years were examined .
Articles relevant to this study were found using Google
search engines and open access journal sites. These arti-
cles and papers were reviewed in their entirety, and the
data was entered into a database containing the authors’
names, publication details, study site, time period, strat-
egy, and technique for studying the impact of filling sta-
tions on man and the environment, as well as the major
conclusion.

Furthermore, multiple methods were employed for
this study with some modifications to satisfy the goal and
objectives of this paper, which was to interpret the status
and quality of work done within and outside Nigeria. The
following approaches were used to evaluate the quali-
ty of the articles; the environmental and human health
consequences of the proliferation of PFSs in previously

24]

uncharted territory; to research EIA standards for PFS site
selection suitability, and to assess the impact of their sites
in order to provide a long-term solution to the difficulties.

3. Results and Discussion

3.1 Impacts of the Proliferation of PFSs with
Their Unprecedented Locations It Has on the
Environment

Several researches have demonstrated the problems
associated with the environmental impact of PFSs in
Nigeria. The manner in which petrol fuel outlets are
sandwiched in residential zones of Nigerian urban
centers without regard for the health and environmental
consequences is not encouraging. An empirical study
was conducted on contaminants released from PFSs and
their impact on air quality **. Their findings revealed that
the main contaminants identified in the environment air
were volatile organic compounds, methane, and carbon
monoxide, with impurity levels exceeding the FEPA air
quality limit. Over 98 percent of PFSs met the minimum
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reserve of 100 meters from health care centers and vari-
ous gas stations in order to achieve the 400-meter basic
station distance guideline *”. PFSs have been found to
be abundant near roadways and residential buildings in
previous research. Similar research has demonstrated that
the locational pattern of nearby petrol filling stations has
the propensity to cluster in a specific zone. The study rec-
ommends that petrol stations be closed or restricted in and
around the town’s built road flight path and strictly desig-
nated residential zones **),

The buffer analysis and descriptive statistics to evalu-
ate the proximity of PFSs to residential buildings in the
Bucharest suburbs discovered that the presence of PFSs
has resulted in malfunctions, highlighting a disadvantaged
area due to environmental issues, unplanned development,
overburdened infrastructure, and pollution of each envi-
ronment component *>*", They evaluated the survival of
filling stations and urban infrastructure to qualify check
maintenance on compliance. In their research, they dis-
covered that while 50% of gas stations followed the rules,
the remaining 50% did not. According to the researchers,
preparedness should be based on the adequacy, functional-
ity, and sophistication of available extinguishing facilities.
Setback standards and safety preparedness policies should
be improved for long-term urban development "', The
study on the locational distribution of petrol stations and
the underlying ramifications in Osun City, Nigeria’s com-
mercial density shows that about 56% of PFSs followed
the area coverage standards, implying that the petrol sta-
tions’ clustering was endangering the area’s safety °*.

Land-use activities along arterial highways in several
Nigerian cities are not regulated or coordinated, exposing
the region to threats such as traffic bottlenecks, pollution,
accidents, fire explosions, and other environmental issues.
These filling stations serve as a major contributor to traffic
problems such as traffic congestion, pollution, fire, and
explosion in densely populated regions ™). According
to him, the degree of these varies depending on factors
such as location, size, and distance from the road, among
others. It is believed that the air quality near fuel stations
and their environs (which is mostly influenced by vapor
emissions from unburned gasoline) differs from the ratio
seen in city air, which is primarily influenced by traffic
emissions *!). Petroleum distribution is a complicated task
that entails carrying and storing across the country .
The location of filling stations and their impact on the envi-
ronment in different parts of Nigeria was investigated **>*%,
In Kaduna North the spatial distribution of filling stations
was analyzed, from the result it was discovered that the
22 PFSs in the area are irregularly dispersed and largely
clustered along key highways . The analysis did not con-
sider the impact of the spatial distribution of these filling sta-
tions on traffic flow along the highway which contradicts .
According to research conducted in Spain, gas stations
contribute significantly to ambient benzene concentrations
in their vicinity as a result of the non-conformity of filling
station locations to statutory criteria on traffic flow "\, Ta-
ble 1 shows the results.

In Romania the haphazard growth of PFSs and their
closeness to residential buildings, made residents in Ro-

Table 1. A brief comparison of the distance between PFSs in Nigeria.

From To Location Kilometer Meter References
NNPC Mega Conoil Federal road Abuja- Keffi road 0.05 50 e

Oando Residential Buildings Isoko road Ughelli 0.05 50 Field Study, 2021
Conoil Businesses centers Kubuwa Abuja 0.1 100 Field Study, 2021
Century New path Okpanam road Asaba 0.3 300 Field Study, 2021
Texaco Total Abuja-Keffi road 0.1 100 e

Total Mobil Isoko road Ughelli 0.2 200 Field Study, 2021
Rain oil Federal road Asaba-Agbor road 0.1 100 Field Study, 2021
Conoil Residential Buildings Rumuokuta -Mgbuoba road 0.2 200 Field Study, 2021
Total State road Agbani-Enugu road 0.3 300 Field Study
NNPC mega stations State road Douglas road Owerri 0.05 50 Field Study

AA Rano Nig. Ltd.  Federal road Mararaba 0.1 100 Field Study
Mobil State road Kurunduma 0.5 500 Field Study
Oando State road Kuchikau 0.14 140 Field Study

Total State road Masaka 0.14 140 Field Study
NNPC Federal road Ado 0.75 750 Field Study
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mania believe that the affiliation of home gasoline stations
can cause fires, increased traffic, noise, pollution, trash,
and wastewater by using oil products "*'". This is con-
sistent with the findings of the location and spatial distri-
bution of PFSs in Ilaro, Ogun State °*'. The study of PFSs
in Ilesa, Osun State, Nigeria concludes that numerous fill-
ing stations were haphazardly spread along with it, with
some more under construction, and that filling stations
along the road was discovered to be too close to each
other; some were even developed side-by-side, implying
a higher propensity for massive and wider effects on the
immediate environment °”. A variety of factors impact
the location of a petrol station in the Accra district*”. The
study’s findings revealed that factors such as promotion,
brand, pump pricing, service quality, opening hours, local
authority assessment, and location size influenced sitting.
As a consequence of the study’s findings, a fuel station
placed in a high-traffic region, a struggle along the road,
the area’s land use activities, and the road’s condition,
including environmental and regulatory requirements, are
all desirable. In the Nigerian city of Port Harcourt, there
is an agreement that the spatial attribute for locational
analysis of petroleum stations is that filling stations have
been converted to residential houses, and 14 filling/petrol
dispensable engines are located near the road, and one is
located near a high tension line !'"*".

Research on the impact of PFSs on petrol stations in
Kampala, Uganda was compared to studies on the level
of compliance of PFSs with development control require-
ments in Anambra, Nigeria *"*. As the distances between
the filling stations sampled from the road and the setback
standards are significantly different, the results of their
study suggested that the aforementioned explain why
houses located 100 meters from stations were prone to
sensible height and those 50 meters’ analyses were rated
the peak of the risk, as the distances between the filling
stations sampled from the road and the setback standards
are significantly different. Further studies revealed that the
environmental problems of developed fuel filling stations
in the residential domain are also numerous, including
volatile organic compounds, methane, and carbon monox-
ide, to name a few in Port Harcourt Rivers State 2.

The increase in the global population has outpaced,
and automobiles, including Premium Motor Spirit (PMS),
have posed a serious threat to human health in terms of
providing the Liquified Natural Oil, Kerosene, Dual Pur-
pose Kerosene masses with the necessary infrastructure,
enact, and (DPK), Aviation Turbine Kerosene are sold .
As the population of completed white petroleum products
grows, so does the number of automobiles that run on

flammable vapour at very low temperatures.

The fact that certain hydrocarbons found in PFSs are
effective inducers of cytochrome P450 was demonstrated
in the introduction section of the research, which could
lead to biological and physiological effects. Following car
refueling, a significant level of benzene was observed in
the pulmonary zone of PFSs . Benzene and similar hy-
drocarbons produced by PFSs are metabolized by a highly
reactive intermediate epoxide that binds to hepatic micro-
somal proteins and nucleic acids, causing lethal conse-
quences in humans . Because petroleum hydrocarbons
and other related carbon-containing compounds, particu-
larly mammalian liver and kidney cells, are converted into
free radicals or activated metabolites during oxidation in
cells it was deemed necessary to assess the extent of PFSs’
impact on human health and, if possible, quantify it **.
Unlike decades earlier, when PFSs were sporadically
spread, most of the activities of PFSs were connected to
contemporary day development in some way.

It is believed that PFSs hydrocarbons activated metab-
olites, when reacted with some cellular components, such
as membrane lipids, to form lipid peroxidation products,
could contribute to membrane alteration “. They went
on to say that this could react with enzymes and cause
inactivation by oxidizing proteins and/or breaking DNA
strands. Because their metabolites can attach to proteins
and nucleic acids, they can trigger these latter effects.
Studies have also shown that PFS exposure has resulted in
significant alterations in the activity of numerous enzymes
in China particularly in the tissues of the liver, kidneys,
and lungs “"**). The potential health risks of Owerri’s pet-
rol station personnel were assessed . The results show a
significant increase in alkaline phosphatase, analine, and
aspartate amino transfer activities in people exposed to
petrol vapour for 6-10 years. Individuals exposed to petrol
vapour had significant amounts of serum urea, creatinine,
and urine protein, according to the findings.

Qualitative interviews were conducted to confirm the
discovered parameters of PFSs in Ife-Central using an
inductive manner. The findings show that all of the PFSs
violate the principles and criteria because the distribution
was clumped, negatively impacting the residents’ well-be-
ing, the environment, and their socioeconomic situation .
PFSs siting has resulted in the release of volatile organic
compounds such as benzene and toluene, as well as toxic
gases such as carbon monoxide and traces of soot, all of
which have been shown to have a negative impact on gen-
eral health and environmental hazards " Table 1 shows
the results.



Journal of Environmental & Earth Sciences | Volume 04 | Issue 01 | April 2022

Table 2. Benzene concentrations (ug.m™) measured by personal (R) or by fixed site monitors (S) placed in or around of

petrol station.

Local Period Observations (n) Study Type (Sx) References

United States 1981-83 72 Rnc &2

Europe 1986-1992 Rnc 1

United Kingdom 1995 - Rnc (4
Re

Valencia (Spain) - 7 R B

Kolkata (India) 2005-2006 35 R 61

Toannina (Greece): 2006 30 Re 7

- urban 30

- rural

Toannina (Greece) 2006 32 Re (381

- urban 32 R

- rural

Owerri (Nigeria) 2005-2007 40 Rnc 1

Italy - 28 R (601

Kano (Nigeria) 2008 214 Rnc B8l

Illorin (Nigeria) 2018 297 Re o1

Anambra (Nigeria) 2019-2020 270 Rnc 2

Ife- central (Nigeria) 2021 52 Rnc (01

Ede Osun state (Nigeria) 2021 14 Rnc [

-: the requested information was not found; Rnc: refueling without an installed emission control system; Rc: refueling with an

installed emission control system; R: refueling without knowing whether or not an emission control system is in place; Sx: a study

conducted at a maximum distance of x meters around a petrol station.

3.2 EIA Requirements for Suitability of Site
Selection of PFSs

Construction activities are anticipated to cause severe
environmental harm, which is a major worry. Rail projects,
fuel pumping stations, and infrastructural facilities all have
the potential to impact the environment, including soil
degradation, air pollution, and water contamination ©**°!,
The main challenge for developers today is to establish and
implement a strategy for sustainable building operations
that is both environmentally friendly and long-term "%
Continuous urbanization creates a fair demand for au-
tomobiles, resulting in increased fuel consumption and
filling station demand "”. In the same line, the bulk of
PFSs in Ede Osun state did not adhere to planning criteria.
Implementing a public awareness campaign among resi-
dents and enforcing planning standards in existing PFSs
and other land uses will go a long way toward addressing
the issues of low perception and non-compliance with
planning standards. Filling stations and electric charging
stations for future cars meet the increased demand for
fuel. The PFSs have a significant potential to harm the site
and the surrounding environment, according to reports. It
also has an effect on socioeconomic losses, environmental
deterioration, geological disintegration, and water con-

1 One of the most serious hazards of PESs

tamination
is fire, which is compounded by other factors such as elec-
tricity " and pipe and underground storage tank leakage,
which can lead to groundwater contamination "*. Fur-
thermore, it causes air pollution from aromatic compound
concentrations ! as well as traffic congestion ", The
PFSs facility is necessary, but it is also dangerous. As a re-
sult, particular care must be used when selecting such a fa-
cility. Any company project’s site selection is crucial """,
Several incidences involving fires at gas stations and fill-
ing stations have already been reported in the news, with
fatalities. It has a variety of effects on the industry as well

as the mental health of users. Take a look at Figure 2.

Perceptions of Residents on Danger Associated
with Petrol Stations in Nigeria

Researchers continue to be interested in developing a
sustainable way to maintain the natural environment. Con-
struction field activities that can harm the environment
have long been a source of worry. The structure of such
places has the potential to cause significant environmental
damage. A PFSs improves transporter and traveler con-
venience, but these stations are frequently dangerous .
Site selection is frequently cited as an important factor
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Il No Danger
20

B Moderate Danger

W Severe Danger

74

Percentaga

Responses Based on the Magnitude of Danger Variables

Figure 2. Perceptions of residents on danger of the presence PFSs !

in the success of any business venture. This industry has
become increasingly concerned about major environmen-
tal issues and negative consequences around the world.
Petroleum retail companies are attempting to implement
sound and effective environmental policies for PFSs. The
EIA was created as an effective instrument for better man-
agement of such assets for this aim. Using regression and
GIS, the PFS’s position is determined by traffic volume
counts ",

The amount of clients who visit per day determines the
site’s potentiality, which is critical for business growth.
A study was carried out in the Kano Metropolitan Area in
Northern Nigeria to ascertain the concern of businesses in
the sector of petrol retailing for taking physical planning
requirements into consideration *”. The requirements
stated for planned construction were found to be ignored
by eight (8) stations (4%) out of 192 stations ™*). As illus-
trated in Figures 3a and 3b. It is said that building crews

35]

for petrol-filling stations prefer to choose a site based on
personal preferences; however, for environmental pro-
tection and other preventive measures, a uniform method
is required. Furthermore, it is noted that an EIA study is
required prior to obtaining approval for the fuel site *"™**,

EIA entails the necessary examinations and analyses
of a project’s environmental viability. The methods and
procedures involved in completing EIA reports take a sig-
nificant amount of time, effort, and money (858 The older
approaches of site selection incorporate both qualitative
and quantitative elements when deciding on a place. Be-
cause various factors are still involved in the EIA analysis
of any facility, such as an FS, these studies lack factors
considered in EIA assessment. And FS is a significant
environmental liability since it poses a risk to the envi-
ronment’s well-being. As a result, a site study and general
risk assessment are required before such facilities may be
built 7.

Figures 3. Displaying PFSs with no setback to residential buildings in Delta and Imo State.

Source: Researchers’ Fieldwork, 2021.
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The level of awareness of risks and safety precautions
among PFSs, as well as the existing safety practices in
Petrol Filling Stations in Minna, Niger State, Nigeria was
investigated. According to the statistics, 45% of PFSs in
Minna do not meet Department of Petroleum Resources
(DPR) siting requirements, with setbacks from the road
and residential areas of less than 30 meters ™. Independ-
ent Petroleum Marketers are unconcerned about people
selling gallon-sized petroleum products in front of their
stations. When opposed to those run by individual mar-
keters, conglomerate-owned stations, such as the Nigeria
National Petroleum Cooperation (NNPC) Retail Outlets-
(State-owned), have stronger safety procedures and orien-
tations.

GIS was used to conduct a location analysis of PFSs in
Ilorin, Kwara State, Nigeria. The coordinates of the sta-
tions were recorded using a handheld Global Positioning
System (GPS) device, and other data were gathered by
presenting questionnaires to the owners and workers in
each PFSs. During their investigation, they determined
that the majority of the stations were near buildings, with
10 (3%) being near a school, 226 (76%) near retailers,
192 (65%) near residential houses, and 11 (4%) being
near hospitals ", The study reveals that PFSs are overly
packed throughout the metropolis, resulting in cluster pat-
terns that pose a major hazard to the town’s heavily popu-
lated districts and are not constructed in compliance with
existing norms. In Malaysia, a similar study was carried
out to determine suitable land parcels for the installation
of new PFSs *”. According to them, the Ipoh Mapping
and Surveying Department provided the geographic data,

while the Ipoh City Planning Department provided the
norms used in practice for site selection for PFSs. They
prepared a questionnaire to get feedback on the PFSs loca-
tion choices from stakeholders. During their investigation,
they revealed that the vast majority of PFSs failed to meet
the specified guidelines for position and distance from
residential residences, which served as the foundation for
future PFSs construction as shown in Figures 4a and 4b.

4. Conclusions

As a result of the foregoing, it is clear that PFSs are
forming in Nigeria without consideration for existing
physical planning norms, putting the environment, as well
as human and public health, in jeopardy. The majority
of inhabitants, unfortunately, were unaware of the health
risks associated with the petrol stations’ infractions of
planning requirements. As a result, the DPR must ensure
that planning standards are properly enforced in Nigeria in
order to protect public health and encourage healthy urban
expansion. The relevant authorities also demand that fuel
stations, as well as any other physical developments, be
installed throughout the country, as well as public aware-
ness campaigns about the environmental and health risks
involved with such developments. These kinds of cam-
paigns can be carried out with the help of the media and
collaboration with traditional rulers and local groups.

Recommendation

In light of the study’s findings, the following recom-
mendation was made:
i. The law should empower the planning officer (s) to

Figures 4. Showing PFSs close to residential buildings in FCT and Rivers State.

Source: Researchers’ Fieldwork, 2021.
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investigate all instances of illegal development, as well
as plans submitted by non-planners without the planner’s
permission.

ii. Public participation is important because landowners
can band together and say that a facility that is poorly lo-
cated cannot be built.

iii. A campaign should be initiated to increase aware-
ness among filling station owners and other developers of
the dangers of non-compliance with set requirements.

iv. All violators of the established criteria should face
open punishment in order for others to learn from their
mistakes.
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1. Introduction

Continental crust formation began in the Hadean ages
(4.4 Ga-4.0 Ga), as reported by the Acasta gneisses of
northwestern Canada "', However, the current continen-
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The amphibolites from the Mauranipur and Babina regions are located in
the central part of the Bundelkhand Craton (BuC), northern India. During
the geodynamic evolution of the BuC, these amphibolites underwent
medium-grade metamorphism. This study combines textural observations
of amphibolites from two distinct regions (Mauranipur and Babina)
with mineral chemistry and phase equilibrium modelling. Observations
suggest that the amphibolites of both areas have gone through three
stages of metamorphism. The pre-peak stage in the amphibolites from the
Mauranipur and Babina regions is marked by the assemblages Ep-Amp-
Cpx-Pl-1lm-Ru-Qz and Ep-Amp-Cpx-Pl-Ab-Ilm-Qz respectively; the peak
metamorphic stage is characterized by the mineral assemblages Amp-Cpx-
PI-Ilm-Ru-Qz and Amp-Cpx-PI-1lm-Qz-H,O, which is formed during the
burial process, and the post-peak stage is represented by the assemblages
Amp-Pl-Ilm-Ru-Qz and Amp-PI-Ilm-Qz-H,O respectively, which is formed
by exhumation event. By applying the phase equilibria modelling in the
NCFMASHTO system, the P-T conditions estimated from pre-peak, peak
to post-peak stages are characterized as 6.7 kbar/510 °C, 7.3 kbar/578 °C
and > 3.0 kbar/> 585 °C, respectively, for the Mauranipur amphibolites;
and 6.27 kbar/520 °C, 5.2 kbar/805 °C and > 3.0 kbar/> 640 °C respectively
for Babina amphibolites. The textural association and P-T conditions
of both amphibolites suggest that these rocks were affected by burial
metamorphism followed by an exhumation process during subduction
tectonism in the BuC.

tal crust was developed through multiple mechanisms and
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well-known for their ability to provide insight into Earth’s
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variety of igneous rocks that exhibit structural indicators,
as well as supracrustal rocks such as amphibolites, tonal-
ite-trondhjemite-granodiorite gneisses (TTGs), and band-
ed iron formations (BIFs) displaying various metamorphic
stages . Supracrustal rocks contributed significantly to
the formation of microcontinents, supercontinents, conti-
nental evolution, and the stabilization of continents ™%
As a result, the metamorphic study of supracrustal rocks
is tremendously beneficial and required for a better un-
derstanding of geodynamic evolution and stabilization of
cratons and continental crust.

The Bundelkhand Craton (BuC) is located in the
northern Indian Shield and is also the best example of an
Archean craton for studying supracrustal rocks because it
contains a record of geological events from the Archean
(3.5 Ga-2.7 Ga; TTGs and gneisses) to the Paleoproterozo-
ic (2.5 Ga-2.4 Ga; granitoid pulses) periods """\, Despite
that, the BuC experienced various metamorphic events,
and it preserves medium to high-grade metamorphism in
multiple rock types. P-T conditions of 5.4 kbar/730 °C
and 6.2 kbar/720 °C have been reported from the Mau-
ranipur metapelites "'*"*!. Similarly, high-grade horn-
blende-biotite-plagioclase bearing gneisses of P-T = 6.5-
8.5 kbar/630-720 °C has been reported in the Sukwan
(Babina) area '”. High to ultrahigh-pressure metamor-
phism is reported in chlorite-phlogopite-corundum schists
with P-T condition as 11 kbar/630 °C and 18 kbar/630 °C
respectively, from the Babina region """ The garnet-bear-
ing BIF from the Mauranipur region reveals a peak tem-
perature of ~500 °C at 0.1 GPa-0.2 GPa, suggesting lower
amphibolite facies "', The peak metamorphic condition of
garnet-biotite gneiss has been revealed as 6.35-6.75 kbar/
755-780 °C ¥, Several authors concluded that the mafic
and ultramafic rocks of the BuC underwent greenschist
to amphibolite facies metamorphism based on textural
and mineralogical observations "**. Field investigations
imply that amphibolites are connected with multiple
metamorphic Archean terrains, and hence, understanding
the geological history of that terrain requires a complete
understanding of amphibolites. Amphibolites have been
reported from various cratons in the Indian shield. Am-
phibolites (hornblende-garnet-epidote-glaucophane-au-
gite-chlorite) have been reported from the Nagaland
Ophiolite Complex, with P-T conditions of 13.8 kbar-
12.6 kbar and 625 °C-645 °C ", However, low-pressure
amphibolites (amphibole-plagioclase-biotite-quartz-gar-
net-chlorite-epidote-magnetite) have also been delineated
from the Western Dharwar Craton with P-T conditions of
5 kbar/600 °C %7,

One of the most contentious and exciting issues in
metamorphic petrology has always been the origin of
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amphibolites. These rocks have a variety of origins and
have been determined to be the most difficult in nature, as
well as playing a significant role in revealing the history
of Archean terrain crustal evolution ). Amphibolites are
thought to be formed from igneous rocks of basic and
tholeiitic magma that represent pieces of earlier oceanic
crust. Amphibolites can also be produced by metasoma-
tism of calcareous sediments **; some amphibolites can
be formed from pre-existing rocks that have undergone a
succession of mineral and chemical transformations as a
result of metamorphism ", Most researchers believe that
three processes, namely meta-igneous, meta-sedimentary,
and metasomatism, are the most valid mechanisms for the
production of amphibolites **'. However, multiple mech-
anisms have been reported to give rise to amphibolites
hence predicting the origin of different amphibolites is the
most debated and intriguing subject in metamorphic pe-
trology.

To better understand the metamorphic development of
amphibolites from the BuC, we used petrographical study,
mineral chemistry of numerous minerals, and phase equi-
libria modelling of amphibolites from the Mauranipur and
Babina regions. The field evidence of amphibolites and
textural relationship of existing minerals are explained in
this study, as well as pseudosection modelling is used to
create the P-T trajectory paths.

2. Geological Backgrounds

The Indian shield comprises two cratonic blocks,
namely the northern cratonic block consisting of Araval-
li and Bundelkhand cratons, and the southern cratonic
block, which includes Dharwar, Bastar, and Singhbhum
cratons ' (Figure 1a). The BuC has a semi-circular shape
and is located in the north-central section of the Indian
subcontinent covering a 30,000 km” area 7. It is separat-
ed from the southern cratonic block by the Central Indian
Tectonic Zone (CITZ) . The BuC is separated from the
Aravalli Craton by the NE-SW trending Great Boundary
Fault (GBF) and from the Himalaya by the Yamuna Fault.
The BuC is covered by Indo-Gangetic alluvium in the
north, by Vindhyan rocks in the east as well as south, and
by Deccan basalts in the southwest ** (Figure 1b). The
Paleoproterozoic (2.0 Ga-1.8 Ga) peripheral sedimentary
basins of Gwalior, Sonrai, and Bijawar border the BuC
from the northwest, south, and southeast, respectively .
These basins are homotaxial, with clastic sedimentary
rocks at the bottom and carbonate with banded iron for-
mations (BIFs) at the top ",

The BuC was primarily created throughout the Paleoar-
chean to Neoarchean periods, with the multistage crustal
formation. The BuC is divided into two crustal segments
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by an E-W trending Bundelkhand Tectonic Zone (BTZ)
that runs roughly 200 kilometres from Mahoba to Ba-
bina (Figure 1b). The first segment is the central domain,
known as the central Bundelkhand greenstone terrane
(CBGT), and the second is the southern domain, known as
the southern Bundelkhand greenstone terrane (SBGT) .
NW-SE trending mafic dykes of Proterozoic age (~1.98
Ga, 1.8 Ga, and 1.0 Ga) and NE-SW trending quartz veins
of Palacoproterozoic age (1.9 Ga-1.8 Ga) dissect the
whole BuC.

(b) N 0 km 50

T

Gwalior

|26°N M Gwaliér Basin

Panna
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Lalltpur \ \\ \a‘“ a‘e
Madaura ol
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Vindhyan Supergroup (~1.1-1.0 Ga) - Banded Iron Formations (~2.58 Ga)

- Sanukitoids (~2.57-2.55 Ga) |:| Granites (~2.55-2.50 Ga)

Alluvium || TTG Gneisses (~3.55-2.67 Ga)
N Mafic Dykes (~2.15-1.7 Ga) I Felsic Volcanics (~2.81-2.55 Ga)
Quartz Reefs (~2.0 Ga) | Ultramafic-mafic complex (age unknown)

Figure 1. (a) Inset map showing the location of the Bun-
delkhand Craton in India. (b) The geological map shows
different lithological units and tectonic elements of the
Bundelkhand Craton .

The CBGT is mainly dominated by Tonalite-Trondh-
jemite-Granodiorite (TTG) gneisses of Mesoarchean
age, greenstones of Neoarchean age, intrusive granites,
quartz reefs, mafic dykes, BIFs, and metabasites "**".
The CBGT, mostly exposed in the Babina and Maurani-
pur regions, contains metamorphosed mafic rocks of the
Paleo-Mesoarchean period ¥, felsic volcanic rocks of
the Mesoarchean period **' and metasedimentary rocks
(BIFs). Ultramafic-mafic volcanic rocks from the Babina
and Mauranipur regions have been emplaced during the
Paleoarchean age (3.44 Ga) Y. This volcanism is likely to
have occurred after the emplacement of TTGs (3.55 Ga-
3.20 Ga) in a subduction scenario from a depleted mantle
source. Pink granites and granodiorites (2.58 Ga-2.52 Ga)
cross this belt in various directions, indicating an intrusive
link with CBGT rocks "*. According to available geo-
chronological data %, the CBGT has been formed during

three stages of volcanic activity. Early felsic volcanic ac-
tivity occurred in the Mauranipur region around 2.82 Ga,
implying Mesoarchean subduction tectonics P*. At 2.54
Ga, a new period of volcanic activity was identified in the
Babina region ", whereas the third stage has culminated
during ~2.5 Ga by the accretion of massive continental

chunks Y.
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Figure 2. (a) Local geological map of the study area around
Mauranipur region "', (b) Local geological map around the
Babina region, elucidating various geological occurrences .

3. Field and Megascopic Description

The amphibolite samples were collected from a vari-
ety of locations in the Babina and Mauranipur regions.
Amphibolites were exposed in the Mauranipur (Latti-
tude 25°11°54” N to 25°14°48” N, Longitude 79°05’ S to
79°09°35” S; Figure 2a) as well as in the Babina region
(Lattitude 25°09°45” N to 25°15° N, Longitude 78°25’ S to
78°35°S; Figure 2b). Amphibolites are found as enclaves
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within TTG gneisses and felsic granitoid (Figure 3a),
but they have also been seen as intrusive dykes in TTG
gneisses in the Mauranipur and Babina regions (Figure
3b). Amphibolites have been found associated with a
variety of rock types, including BIF, calc-silicate rocks,
white schists, quartzites, and metapelites. Mauranipur am-
phibolites are found with garnetiferrous gneisses, whereas
Babina amphibolites are associated with meta-ultramafic
rocks. Amphibolites from both sites have a nematograno-

- . - -'\' -
g#’ ’
=

~ Amphibalites

blastic texture that overwrites all previous textures and
structures °*. The amphibolites are primarily dark in col-
our and reveal a fractured nature in several areas of the re-
search field (Figure 3b). Amphibolites from the Mauranipur
region show a massive emplacement of felsic magmatism
(Figure 3c) with folded and distorted structures (Figure 3d).
Babina amphibolites (near the Sukwa-Dukwa dam) resemble
Mauranipur amphibolites in appearance and are likewise in-
truded by felsic magma (Figure 3e,f).

Figure 3. Field photographs of the amphibolites from the study area (a) Amphibolites exposed along with TTG gneisses
in Mauranipur, (b) Small scale field photograph of amphibolites along with deformational features in Mauranipur, (c)
Felsic magma intrusion in amphibolites of Mauranipur (d) Folding in the layers of amphibolites of Mauranipur (e,f)
Amphibolites of Babina (near Sukwa-dukwa dam) intruded by felsic magma.

18



Journal of Environmental & Earth Sciences | Volume 04 | Issue 01 | April 2022

4. Petrography

The principal minerals in amphibolites from both re-
gions are amphibole, clinopyroxene, and plagioclase, with
K-feldspar, epidote, quartz, and opaque minerals (rutile,
ilmenite, and magnetite) occurring as accessory phases.
Table 1 shows the mineral assemblages and modal abun-
dances of various amphibolite samples from the Maura-
nipur and Babina regions. The mineral assemblages’ par-
agenesis is as follows:

a. Amphibole-clinopyroxene-plagioclase-rutile-epi-
dote-ilmenite-quartz

b. Amphibole-clinopyroxene-plagioclase-albite-epi-
dote-ilmenite-quartz

¢. Amphibole-clinopyroxene-plagioclase-rutile-ilmen-
ite-quartz

d. Amphibole-clinopyroxene-plagioclase-ilmen-
ite-quartz

e. Amphibole-plagioclase-rutile-ilmenite-quartz

f. Amphibole-plagioclase-ilmenite-quartz

The petrographical investigation of amphibolites from
both samples MM-1 and BB-1 has revealed three differ-
ent modes of occurrence of amphiboles. These all three
amphiboles have characteristics features and textural
association, which are depicted in the following way; the
inclusion-type amphibole (Ampl) enclosed in clinopy-
roxene, the porphyroblastic amphibole (Amp2) associated
with clinopyroxene crystals, and the retrograde amphibole
(Amp3) replacing clinopyroxene crystal. The first-gener-
ation amphibole (Ampl1) is light brown to green color and
occurs as inclusions within porphyroblast clinopyroxene,
intergrown with plagioclase, a textural feature indicat-
ing that Ampl is a result of the prograde metamorphism

(Figure 4a,b). Porphyroblastic and subhedral grains of
amphiboles are considered as the second generation of
amphiboles (Amp2), closely associated with clinopyrox-
ene porphyroblast; and textural features suggest that it
would be a product of peak metamorphism (Figure 4c,d).
The Amp2 has a green color and contains inclusions of
discrete plagioclase, quartz, and ilmenite, representing
sieve texture. Amphibole crystals are mainly medium to
coarse-grained in nature as well as subhedral to anhedral
in shape depicting two sets of cleavage, present with
porphyroblasts of clinopyroxene (Figure 4c). Green to
grey clinopyroxene up to 1 cm in length, intergrown with
plagioclase, displays an ophitic texture (Figure 4d). The
textural relationship of amphibole replacing clinopyrox-
ene suggests retrograde metamorphism (Figure 4e,f). This
petrographical evidence indicates that the third generation
of amphibole (Amp3) is preserved in the studied amphib-
olites. Plagioclase is an essential mineral in amphibolites,
and it records essential metamorphic information. The
plagioclase is fine to medium-grained 0.1 mm-0.2 mm in
size and anhedral shape and is characterized by colorless
prismatic crystals and first-order grey color. In spite of
the presence of the plagioclase as inclusion within clino-
pyroxene and amphibole, it also occurs as the dominant
phase of the matrix (Figure 4g). Epidotes occur as < 50
um rounded subhedral crystals associated with amphibole
and plagioclase but mostly appeared as inclusion within
amphibole and clinopyroxene crystals (Figure 4a,b). Pla-
gioclase can also be found as an inclusion inside the am-
phibole and clinopyroxene matrix (Figure 4h). At the con-
fluence of amphibole and plagioclase, Figure 41 displays a
lengthy lath of ilmenite.

Table 1. Summary of approximate modal composition (in percentage) of the Amphibolites of Mauranipur (MM-1, MM-
2, MM-3, MM-4, MM-5) and Babina (BB-1, BB-2, BB-3, BB-4, BB-5) samples observed under a petrological micro-

scope through Lieca Qwin software.

Model %
Sample

Amp Cpx Pl Kfs Ep Qz Opq
MM-1 52 30 6 1 4 1 6
MM-2 49 32 8 - 3 2 6
MM-3 53 27 5 2 4 1 8
MM-4 50 33 7 1 4 1 4
MM-5 55 21 10 1 5 1 7
BB-1 48 33 8 2 3 1 5
BB-2 52 24 11 - 3 2 8
BB-3 51 29 9 1 5 1 4
BB-4 53 35 5 1 2 1 3
BB-5 54 31 9 1 2 1 2
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Figure 4. Photomicrographs (plane-polarized light, PPL) and back-scattered electron (BSE) images of the amphibolites
(MM-1 and BB-1): (a & b) First generation Amp1 and Ep present as inclusions in Cpx with Pl, (c) Prismatic crystals
Amp?2 depicting two sets of cleavage with porphyroblastic Cpx, (d) Laths of Pl embedded within Cpx crystals depicting
ophitic texture, (e) Third generation Amp3 contains inclusions of Cpx, (f) Cpx crystals partially replaced by third-gen-
eration Amp3, (g) Ep crystals occurring as inclusions within Amp and P1, (h) P1 present as inclusion within the matrix
of Amp and Cpx, (i) Long lath shaped grain of Ilm at a junction of Amp and Pl. Mineral abbreviations are taken from

[49]

Whitney and Evans

5. Mineral Chemistry
5.1 Analytical Method

Based on petrological interpretations, two amphibolite
samples, namely MM-1 (from Mauranipur) and BB-1
(from Babina), were selected for the electron microprobe
analysis (EPMA). The mineral chemical analysis was
carried out using the EPMA (CAMECA SX five EPMA)
at the Department of Geology, Banaras Hindu University,
Varanasi, India, under operating conditions of 15 kV and
the current 10 nA.

5.2 Amphibole

All the analysed amphiboles (sample MM-1 and BB-

20

1) have (Na + K) < 0.50, Ti < 0.5, CaB > 1.5 pfu. Fur-
thermore, according to Leak’s, classification *), these are
Ca-amphibole groups in composition. When the analyzed
amphiboles are plotted on the leaks classification diagram,
they all occupy the tschermakite and Mgnesio-hornblende
domains (Figure 5a). All the analyzed amphiboles (sam-
ple MM-1 and BB-1) based on 23 oxygens are present-
ed in Table 2. Ampl has a value of 0.75 for X,,, [Mg/
(Fe”+Mg)], Amp2 has a value of 0.78-0.79, and Amp3
has a value of 0.71-0.72 for the sample MM-1. The X,
values range from 0.31-0.33 for the amphiboles of MM-1.
The sample BB-1 also includes three types of amphibole,
compositionally distinct, and their Xy, values are 0.71-0.74
for Ampl1, 0.79-0.82 for Amp2 and 0.68-0.69 for Amp3.
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Table 2. EPMA (wt%) and structural formula of amphibole, from the Amphibolites of Mauranipur and Babina (Sample

MM-1 and BB-1).

Sample MM-1 BB-1
Domain 5/1 6/1 7/1 8/1 22/1 25/1 43/1 45/1 46/1 47/1 50/1 52/1
Position Ampl Amp2 Amp3 Ampl Amp2 Amp3
Sio, 43.40 43.56 43.62 43.66 44.68 44.27 43.96 43.72 44.81 43.66 44.32 45.30
TiO, 0.41 0.39 0.42 0.50 0.43 0.42 0.48 0.35 0.40 0.43 0.44 0.41
ALO; 14.22 14.32 14.87 13.41 12.94 13.61 13.10 14.83 12.20 16.08 14.62 13.50
FeO 12.11 12.14 11.95 14.21 12.41 13.03 13.77 12.13 13.50 11.58 13.65 13.28
MnO 0.26 0.10 0.06 0.18 0.23 0.33 0.16 0.18 0.10 0.11 0.16 0.24
MgO 11.89 12.13 12.57 12.30 11.99 11.55 11.81 11.83 12.93 12.33 11.12 11.41
CaO 11.65 11.68 11.92 11.64 11.69 11.26 11.98 11.84 11.74 11.44 11.80 11.34
Na,O 1.38 1.59 1.33 1.62 1.49 1.69 1.35 1.29 1.39 1.50 1.37 1.66
K,O 0.18 0.17 0.20 0.18 0.21 0.18 0.25 0.21 0.17 0.19 0.23 0.20
Total 95.49 96.07 96.93 97.69 96.06 96.34 97.56 97.12 97.24 97.32 97.70 97.35
23 oxygens
Si 6.37 6.36 6.28 6.29 6.55 6.46 6.42 6.36 6.46 6.23 6.40 6.56
AlY 1.63 1.64 1.72 1.71 1.45 1.54 1.58 1.64 1.54 1.77 1.60 1.44
Al 0.83 0.82 0.81 0.57 0.78 0.81 0.67 0.90 0.54 0.94 0.89 0.86
Ti 0.05 0.04 0.05 0.05 0.05 0.05 0.05 0.04 0.04 0.05 0.05 0.05
Fe’' 0.61 0.59 0.73 0.95 0.44 0.60 0.62 0.58 0.87 0.79 0.53 0.48
Fe' 0.87 0.89 0.71 0.76 1.08 0.99 1.06 0.90 0.76 0.59 1.11 1.13
Mn 0.03 0.01 0.01 0.02 0.03 0.04 0.02 0.02 0.01 0.01 0.02 0.03
Mg 2.60 2.64 2.70 2.64 2.62 2.52 2.57 2.57 2.78 2.62 2.39 2.46
Ca 1.83 1.83 1.84 1.80 1.84 1.76 1.88 1.84 1.81 1.75 1.83 1.76
Na 0.39 0.45 0.37 0.45 0.42 0.48 0.38 0.36 0.39 0.41 0.38 0.47
K 0.03 0.03 0.04 0.03 0.04 0.03 0.05 0.04 0.03 0.03 0.04 0.04
Xte 0.75 0.75 0.79 0.78 0.71 0.72 0.71 0.74 0.79 0.82 0.68 0.69
Xy, = Mg/(Fe*'+ Mg)
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Figure 5. (a) Plots of the analyzed amphiboles obtained from the amphibolites of Mauranipur and Babina on classifica-
tion diagram °*', (b) Pyroxene classification diagram showing the augite nature of the clinopyroxenes, from both am-
phibolites ®°, (c) Plots of the orthoclase-albite-anorthite ternary diagram, showing andesine and labradoritic nature, (d)

Plots of the ternary epidote diagram 7.
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Table 3. EPMA (wt%) and structural formula of clinopyroxenes, from the Amphibolites of Mauranipur and Babina
(Sample MM-1 and BB-1).

Sample MM-1 BB-1

Domain 11/1 12/1 13/1 14/1 23/1 44/1 45/1 88/1
SiOo, 49.22 49.55 48.89 47.45 48.25 48.74 47.24 48.56
TiO, 0.14 0.12 0.16 0.1 0.10 0.15 0.18 0.16
ALO, 0.49 0.55 0.77 0.5 0.60 0.99 0.55 0.47
Cr,0;4 0.09 0.08 0.08 0.1 0.10 0.07 0.02 0.01
FeO 23.79 21.2 23.26 21.34 22.30 23.15 24.16 22.78
MnO 0.22 0.33 0.23 0.24 0.30 0.23 0.45 0.34
MgO 8.12 10.11 8.29 11.43 9.92 8.45 8.79 9.22
CaO 17.22 17.65 17.66 18.52 17.56 17.56 18.22 18.05
Na,O 0.12 0.13 0.11 0.02 0.10 0.1 0.01 0.12
K,0 0 0.02 0.01 0 0.00 0.01 0.02 0.01
Total 99.41 99.74 99.46 99.7 99.23 99.45 99.64 99.72
6 oxygens

Si 1.96 1.95 1.95 1.89 1.92 1.94 1.90 1.93
Al 0.02 0.03 0.04 0.02 0.03 0.05 0.03 0.02
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Fe’' 0.07 0.11 0.09 0.29 0.18 0.10 0.23 0.17
Fe' 0.72 0.58 0.68 0.40 0.55 0.67 0.56 0.58
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01
Mg 0.48 0.59 0.49 0.68 0.59 0.50 0.53 0.55
Ca 0.74 0.74 0.75 0.79 0.75 0.75 0.79 0.77
Na 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.01
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Xyig 0.40 0.51 0.42 0.63 0.52 0.43 0.48 0.48

Xy, = Mg/(Fe*'+ Mg)

5.3 Clinopyroxene

All the analyzed clinopyroxenes (sample MM-1 and BB-
1) based on 6 oxygens are presented in Table 3. The calcu-
lated X, value of clinopyroxene from amphibolites of the
study area ranges from 0.40-0.63 (samples MM-1) and 0.43-
0.52 (sample BB-1). The triangular plot °* for the pyroxene
end member shows clinopyroxenes from both sample plots
in the augite composition field (Figure 5b). The Ca content of
clinopyroxene ranged from 0.74 pfu to 0.79 pfu for sample
MM-1 and from 0.75-0.77 pfu for sample BB-1, providing
evidence of the high Ca content of clinopyroxene.

5.4 Plagioclase

Plagioclase in samples MM-1 and BB-1 has a wide
range in anorthite content (Table 4). Plagioclases from
both samples are dominated by anorthite and albite, with
minor orthoclase. However, the plagioclase of sample
MM-1 (An = 42.92 mol%-44.49 mol%, Ab = 55.06 mol%-
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56.67 mol%) has less content in anorthite and higher con-
tent in albite in comparison to sample BB-1, which has
(An = 41.50 mol%-56.09 mol%, Ab = 43.55 mol%-58.32
mol%). Feldspar in both samples contains a small amount
of total iron in the form of FeO (up to 0.47 in sample
MM-1 and 0.16 in sample BB-1). The triangular plot for
plagioclase end-members show that plagioclase is plotted
in the andesine and labradorite composition fields from
both samples (Figure 5c¢).

5.5 Other Minerals

Representative chemical compositions of the analyzed
epidotes based on 25 oxygens for both the samples (MM-
1 and BB-1) are listed in Table 5. As an inclusion within
amphibole and clinopyroxene, epidote is present in both
amphibolites (MM-1 and BB-1). Subtle variations are
observed in the chemical composition of epidotes from
both samples. The values of X,, [X,= Al/(Al+Fe’")] for
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both representatives range from 0.84 to 0.85. All epidotes
belong to the clinozoisite-epidote-piemontite series, and
the triangular plot *” (Figure 5d) shows that epidotes from
both samples are dominated by clinozoisite composition
(83.53 mol%-84.59 mol%) for sample MM-1, whereas it
is 83.39 mol%-84.97 mol% for sample BB-1. Ilmenite re-

veals that TiO, content ranges between 49.87 wt%-50.15
wt% in sample MM-1 and 45.00 wt%-45.46 wt% in sam-
ple BB-1 (Table 6). Ilmenite minerals did not show zoning
as analyses on different points on the same grain showed
almost identical values supported by BSE images (Figure
4i).

Table 4. EPMA (wt%) and structural formula of plagioclase from Amphibolites (MM-1 and BB-1).

Sample MM-1 BB-1

Domain 37/1 38/1 39/1 40/1 144/1 142/1 149/1 150/1
SiO, 56.53 56.13 56.24 55.38 55.08 54.38 55.39 56.82
AlLO, 25.17 27.24 27.31 27.38 27.58 27.78 26.70 25.69
FeO 0.47 0.00 0.00 0.00 0.00 0.00 0.13 0.16
CaO 9.92 9.58 9.24 9.87 11.41 12.10 9.44 9.82
Na,O 6.92 6.65 6.74 6.75 5.53 5.19 7.33 6.47
K,0 0.06 0.04 0.07 0.08 0.02 0.06 0.03 0.02
Total 99.07 99.63 99.60 99.47 99.61 99.52 99.03 98.98
8 Oxygens

Si 2.58 2.53 2.54 2.51 2.50 247 2.53 2.58
Al 1.35 1.45 1.45 1.46 1.47 1.49 1.44 1.38
Fe' 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Ca 0.48 0.46 0.45 0.48 0.55 0.59 0.46 0.48
Na 0.61 0.58 0.59 0.59 0.49 0.46 0.65 0.57
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 5.05 5.03 5.03 5.05 5.01 5.01 5.08 5.01
An 44.06 44.24 42.92 44.49 53.21 56.09 41.50 45.54
Ab 55.63 55.56 56.67 55.06 46.67 43.55 58.32 54.36
Or 0.32 0.20 0.41 0.45 0.12 0.35 0.18 0.09

Table 5. EPMA (wt%) and structural formula of epidote, from the Amphibolites of Mauranipur and Babina (Sample

MM-1 and BB-1).

Sample no. MM-1 BB-1

Domain 45/1 46/1 47/1 48/1 49/1 54/1
Si0O, 35.04 36.44 35.37 36.30 36.54 36.52
TiO, 0.09 0.10 0.11 0.12 0.10 0.03
AlLO; 23.52 23.73 24.47 23.69 23.36 24.13
Fe,0; 13.89 13.90 13.74 12.85 14.11 13.20
MnO 0.28 0.15 0.10 0.12 0.21 0.11
CaO 23.31 22.47 22.55 23.05 22.77 23.11
Total 96.42 96.80 96.35 96.13 97.10 97.12
25 oxygens

Si 6.14 6.31 6.16 6.29 6.33 6.27
Al 4.86 4.84 5.021 4.84 4.77 4.88
Ti 0.01 0.01 0.01 0.02 0.01 0.00
Fe** 0.92 091 0.90 0.84 0.92 0.85
Mn 0.04 0.02 0.01 0.02 0.03 0.02
Ca 438 4.17 4.21 4.28 4.22 4.25
Total 16.42 16.26 16.32 16.28 16.28 16.28
Cz 83.53 83.93 84.59 84.97 83.39 84.89
Ep 15.75 15.69 15.17 14.71 16.08 14.83
Pie 0.72 0.37 0.24 0.31 0.53 0.28
Xl 0.84 0.84 0.85 0.85 0.84 0.85

X, =Al/(Fe’ ™+ Al)
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Table 6. EPMA (wt%) and structural formula of rutile and ilmenite, from the Amphibolites of Mauranipur and Babina

(Sample MM-1 and BB-1).

Sample no. MM-1 BB-1

Position Rt Tlm Rt Tlm

Domain S51/1 14/1 20/1 56/1 21/1 27/1
Si0o, 0.09 0.23 0.01 0.09 0.03 0.00
TiO, 99.46 49.87 50.15 99.46 51.15 51.10
FeO 0.49 4531 44.82 0.49 45.46 45.00
MnO 0.05 0.89 1.08 0.05 1.20 0.50
CaO 0.44 0.05 0.09 0.44 0.09 0.15
V,0, 0.00 2.31 232 0.00 2.33 2.53
Total 100.54 98.87 98.55 100.54 100.38 100.04
3 oxygens

Si 0.00 0.01 0.00 0.00 0.00 0.00
Ti 0.99 0.96 0.97 0.99 0.97 0.97
Fe** 0.00 0.03 0.02 0.00 0.02 0.00
Fe* 0.01 0.94 0.94 0.01 0.94 0.95
Mn 0.00 0.02 0.02 0.00 0.03 0.01
Ca 0.01 0.00 0.00 0.01 0.00 0.00
\% 0.00 0.05 0.05 0.00 0.05 0.05
Total 1.01 2.00 2.00 1.01 2.00 2.01

6. Phase Equilibria Modelling
6.1 Analytical Method

The bulk rock chemical compositional analysis for the
major oxides of the representative amphibolite samples of
Mauranipur (MM-1) and Babina (BB-1) was performed at
the Birbal Sahni Institute of Palaecosciences (BSIP), Luc-
know, India. Major oxides were analyzed by X-ray fluo-
rescence (XRF) using a wavelength dispersive (WD-XRF
AXIOS MAX) machine with a power of 4 KW, 60 kV-160
mA analytical, on a pressed powder pellet machine using
‘kameyo’ at a pressure of 15-20 tones with a 4 mm pallet
thickness.

6.2 P-T Pseudosection

Phase equilibria modelling was done by constructing
P-T pseudosections for the representative amphibolites
from the Mauranipur and Babina of the specific mineral
assemblages. For this purpose, Perple X ver.6.9.0 soft-
ware "**” was used with an end-member thermodynamic
dataset **. Various solution models were used for the
pseudosection construction, such as clinopyroxene **,
amphibole " plagioclase "*, epidote *") 1,

Pseudosections are generally constructed to decipher
the equilibrium relationship among the various mineral

phases in rocks at different metamorphic P-7 conditions.

and ilmenite
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Here, the P-T pseudosections for both amphibolites (MM-1
and BB-1) were calculated in the NCFMASHTO (Na,O-
Ca0-FeO-MgO-Al,0,-Si0,-H,0-TiO,-0,) system, where
P,O;and MnO were removed due to their negligible
amounts, and quartz was taken as a ubiquitous phase (Fig-
ures 6 and 7). Furthermore, because the sample contains
no biotite, muscovite, or K-feldspar, the influence of K,O
on the T-X(H,0) and P-T pseudosection diagrams was
ignored. The measured whole-rock composition of MM-1
and BB-1 was normalized in mol%, represented in Tables
7 and 8, respectively. The H,O content for both samples
was derived with the help of T-X(H,O) pseudosection;
however, the O, was evaluated by the composition of min-
eral phases and their modal abundance present in the rock.

6.3 Sample MM-1

T-X(H,0) diagram of sample MM-1 was built in order
to specify the probable water content in stable constraints
to distinct metamorphic stages and associated P-1 require-
ments at 7.5 and 4.0 kbar, respectively. The H,O content
is determined by the variation of H,O from 0.0 mol% to
6.0 mol% in the bulk rock composition (Figure 6a,b). In
the NCFMASHTO system, the appropriate mole ratios of
oxides are normalized to 100%, as shown in Table 7. As
illustrated in Figures 6a and 6b, the epidote is unstable
at lower H,O values before breaching the Ep entry line



Journal of Environmental & Earth Sciences | Volume 04 | Issue 01 | April 2022

Table 7. Major element concentration (wt%) and calculated effective composition (mol%) of Amphibolites of Maurani-

pur (Sample MM-1).

Composition (Wt%) X(H,0)=C, X(H,0)=C, (mol%)
SiO, 50.27 Sio, 52.52 49.83 50.42
ALO, 15.50 Al O, 9.54 8.98 9.16
CaO 8.36 CaO 9.35 8.80 8.98
MgO 7.90 MgO 12.30 11.81 11.81
FeO 11.27 FeO 9.84 9.26 9.45
Na,O 3.78 Na,O 3.83 3.61 3.68
TiO, 1.33 TiO, 1.04 0.98 1.0
LOI 1.60 H,0 0 6 4.0

0, 1.56 1.47 1.50
Total 100.00 Total 100 100.0 100
Data used for figure Figure 6a,b Figure 6c¢,d

Table 8. Major element concentration (wt%) and calculated effective composition (mol%) of Amphibolites of Babina

(Sample BB-1).

Composition (Wt%) X(H,0)=C, X(H,0)=C, (mol%)
SiO, 50.40 Si0O, 52.90 49.78 50.78
ALO, 16.14 AlO; 9.98 9.39 9.58
CaO 8.86 CaO 9.96 9.37 9.56
MgO 7.17 MgO 11.22 10.56 10.77
FeO 11.26 FeO 9.89 9.30 9.49
Na,O 3.86 Na,O 3.93 3.70 3.77
TiO, 0.73 TiO, 0.57 0.54 0.55
LOI 1.59 H,0 0.00 6.00 4.00

0, 1.56 1.47 1.50
Total 100.00 Total 100 100.0 100
Data used for figure Figure 7a,b Figure 7c,d

(yellow line). The solid red line indicates the appearance
of H,O as the temperature increases. The pre-peak stage
mineral assemblage Ep-Amp-Cpx-Pl-1lm-Ru-Qz is stable
in X(H,0) values of 0.72-0.85 (long dashed black line).
The observed mineral assemblage of the peak stage, Amp-
Cpx-Pl-Ilm-Ru-Qz, is stable for X(H,0) values 0.61-
0.65, while the mineral assemblage of the post-peak stage
Amp-Pl-Ilm-Ru-Qz does not appear at a higher pressure
of 7.5 kbar, this is most likely due to the pressure value
chosen being too high (Figure 6a). When the T-X(H,O)
diagram is calculated at lower pressure values of 4.0 kbar,
the post-peak stage mineral assemblage appears (Figure
6b). Hence, we chose an X(H,O) value of 4.00, which was
calculated on the basis of effective composition (Table 7)
and then normalized to 100% by considering stable fields
of mineral assemblages for pre- peak, peak and post-peak,
which is marked by a black dash line and is also used to
construct the P-T pseudosection diagram (Figure 6¢,d).
The mineral assemblages identified in the petrographic
observations include clinopyroxene, amphibole, plagi-

oclase, epidote, quartz, ilmenite, and rutile. A P-T pseu-
dosection for the sample MM-1 is constructed in the P-T'
range of 3-8 kbar and 400 °C-800 °C in the NCFMASH-
TO system (Figure 6¢). Clinopyroxene in the pseudosec-
tion is pressure-dependent and continuously increases
with pressure, and it becomes stable under higher tem-
perature conditions. Amphibole is ubiquitous and stable
in approximately all P-T fields. Plagioclase also mostly
appears in the pseudosection. The significant occurrence
of amphibole and plagioclase is supported by the presence
of amphibole and plagioclase in petrographic thin sections.
The epidote is present at higher pressures (4.5 kbar-8.0 kbar)
and lower temperatures (400 °C-600 °C). To acquire the ap-
propriate P-T conditions for metamorphism of the significant
mineral assemblage, the isopleths of amphibole, clinopyrox-
ene, and epidote are delineated on the pseudosection (Fig-
ure 6d). During pre-peak metamorphism, clinopyroxene
grains contain epidote, amphibole, plagioclase, ilmenite,
and rutile, as represented by the mineral assemblage Ep-
Amp-Cpx-PI-Ilm-Ru-Qz, which is stable at a P-T range of
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5.5 kbar-8.0 kbar and 450 °C-600 °C. Amphibole, clinopy-
roxene, and epidote isopleths further narrow down the P-T
conditions of the pre-peak metamorphic stage at 6.7 kbar
and 510 °C. The mineral assemblage of Amp-Cpx-Pl-Ilm-
Ru-Qz characterizes the peak metamorphic stage. The epi-
dote becomes unstable with increasing temperatures. This
assemblage is stable in a P-T range of 7.2 kbar-8.0 kbar
and 560 °C-580 °C. Isopleths of amphibole and clinopy-
roxene defined the P-T conditions for the peak metamor-

900 At P=7.5 Kbar

Amp Ep P Iim Sph Ru Gz H,Q

T(°C)

Cpx Amp Pl lIm
Ky Cen Mag Qz

2Cpx Amp lim Ky Ab Ru Qz

Cpx Amp llm Ky CienAb lim Mag Qz |

0.20 0.40 : 0.80
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6.0
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Sph Ab Qz Ru
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phic stage at P= 7.3 kbar and T = 578 °C.

Later, the post-peak metamorphic stage is character-
ized by the mineral assemblage of Amp-Pl-Ilm-Ru-Qz,
which acquires a Cpx free field. Due to a lowering in
pressure, clinopyroxene is no longer stable at the post-
peak metamorphic stage. This assemblage is stable under
a P-T range of 3.0-5.0 kbar and 580 °C-700 °C. Isopleths
of amphibole reveal the P-T conditions of the post-peak
metamorphic stage at P => 3.0 kbar and T => 585 °C.

At P=4.0 Kbar
900

800
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Figure 6. (a) T-X(H,O) pseudosection at 7.5 Kbar, and (b) at 4.0 kbar, showing the effects of varying the molar propor-
tions of bulk-rock H,O (in MM-1). The black dashed line is the modelled composition of H,O (4.00%). (c) P-T pseudo-
section showing pre-peak, peak and post-peak assemblages. (d) Isopleths X, of Amp, X,;, Cpx and X, of Ep.
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Figure 7. (a) T-X(H,O) pseudosection at 6.6 Kbar and (b) at 4.0 Kbar, showing the effects of varying the molar propor-
tions of bulk-rock H,O in amphibolite (sample BB-1). The black dashed line is the modelled composition of H,0O (4.00%).
(c) P-T pseudosection (sample BB-1) of amphibolites showing pre-peak, peak and post-peak metamorphic assemblages
in the NCFMASTHO system. (d) Isopleths X, of amphibole, X,,, of clinopyroxene and Xy, of epidote contouring P-T

pseudosection.

6.4 Sample BB-1

The same process of computing H,O values was re-
peated for sample BB-1. Table 8 shows how the necessary
mole ratios of oxide are normalized to 100% in the NCF-
MASHTO system. At 6.5 and 4.0 kbar, a T-X(H,O) pseu-
dosection was also displayed (Figure 7a,b). The epidote is
unstable at lower H,O concentrations before breaching the
Ep entry line, as seen in Figures 7a and 7b. As the temper-
ature rises, the solid red line represents the emergence of

H,0. In X(H,0) values of 0.60-0.65, the pre-peak mineral
assemblage Ep-Amp-Cpx-Pl-Ab-Ilm-Qz remains stable
(long dashed black line). While the mineral assemblage
of the peak stage Amp-Cpx-PI-Ilm-Qz-H,O is stable for
X(H,0) values of 0.61-1.00, the mineral assemblage of
the post-peak stage Amp-Pl-Ilm-Qz-H,O does not appear
in Figure 7a at a higher pressure of 6.5 kbar, and this
is most likely owing to the pressure value chosen to be
high. The post-peak and peak stage mineral assemblages
became visible when the T-X(H,O) diagram is calculated
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at lower pressures of 4.0 kbar (Figure 7b). As a result, we
chose an X(H,0) value of 4.00, which was calculated using
effective composition (Table 8) and then normalized to 100%
in the NCFMASHTO system by considering stable fields of
mineral assemblages for pre-peak, peak and post-peak, which
is marked by a black dash line and is also used to construct
the P-T pseudosection diagram (Figures 7c and 7d).

In the NCFMASHTO model system, a specific P-T
pseudosection for the representative amphibolite sample
(BB-1) has been generated in the P-T range of 3 kbar-8
kbar and 400 °C-900 °C (Figure 7¢). In the pseudosection,
clinopyroxene shows a pressure-dependent character and
is stable at higher temperatures with other mineral phas-
es such as amphibole, plagioclase, ilmenite, quartz, and
H,0. Amphibole is ubiquitous in all phases and is stable
over a wide P-T range. Plagioclase is also found mostly in
the pseudosection. Epidote can be found at high and low
pressures (3.0 kbar-8.0 kbar), but only at much lower tem-
peratures (> 680 °C). The most common Ti-bearing phases
are ilmenite and magnetite. This rock is devoid of rutile.
The P-T pseudosection of the BB-1 sample revealed
three stages of metamorphism. The first is the pre-peak
metamorphic stage, which is characterized by epidote,
amphibole, plagioclase, and ilmenite inclusions inside
clinopyroxene grains. This stage produces the mineral as-
semblage Ep-Amp-Cpx-Pl-Ab-IIm-Qz, stable in the pseu-
dosection at P-T ranges of 4.8 kbar-7.0 kbar and 450 °C-
580 °C. P-T conditions of the pre-peak metamorphic stage
at P =6.27 kbar and T = 520 °C are further constrained by
isopleths of amphibole, clinopyroxene, and epidote (Figure
7d). The peak metamorphic stage is defined by the min-
eral assemblage Amp-Cpx-Pl-Ilm-Qz-H,O. With the ris-
ing temperature, the epidote becomes unstable, and H,O
forms at a higher temperature. This assemblage obtains a
field with a P-T of 3.0 kbar-8.0 kbar and a temperature of
680-900 °C. The P-T conditions of the peak metamorphic
stage at P = 5.2 kbar and T = 805 °C are further narrowed
by isopleths of amphibole and clinopyroxene. Finally,
the mineral assemblage Amp-PI-Ilm-Qz-H,O denotes the
post-peak metamorphic stage. At the post-peak metamor-
phic stage, clinopyroxene is no longer stable. This assem-
blage acquires a field with a P-T of 3.0 kbar-4.2 kbar and
a temperature of 620 °C-780 °C and is further defined as >
3.0 kbar and > 640 °C by the isopleths of amphibole.

7. Discussion

The Mauranipur and Babina amphibolites were chosen
for this investigation because they demonstrate medium
to high-grade metamorphism in the BuC. The BuC am-
phibolites are primarily found in the Mauranipur-Babina
region as enclaves within the TTGs. The mineralogical as-
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semblage of amphibolites is Hbl + Cpx + Pl £ Qz + Ep |
The geochemistry of amphibolites from the CBGT was
also previously studied. According to their findings,
tholeiitic magma is the primary source of amphibolites .
The Nd isotopic values of amphibolites provide two model
ages: one for the protolith of amphibolites, 4.9-4.2 Ga, and
the other for amphibolites metamorphism, 3.4-3.3 Ga ",
Based on the Nd levels, the amphibolites were generated
in a subduction-related environment. Many researchers
have postulated a subduction zone context for the evolu-
tion of the BuC based on the analysis of TTGs, granitoids,
amphibolites, basaltic, and komatiitic rocks **. A geo-
dynamic model for the evolution of the CBGT based on
observations of exposed mafic-ultramafic rocks in the Ba-
bina and Mauranipur regions was also explained earlier °".
The presence of mafic-ultramafic rocks, metabasic rocks,
amphibolites, BIFs, and meta-sediments in CBGT shows
that they are remains of earlier oceanic crust. At 2.7 Ga,
the oceanic plate subducted, causing the melting of mafic
rocks containing garnet and water, which reacted with the
mantle, forming the TTGs 7.

Three metamorphic stages have been identified based
on mineral assemblages, textural correlations, and P-T
pseudosections. The creation of isopleths on the P-T
pseudosection defines the P-T conditions of these three
metamorphic stages. For amphibolites from the Maurani-
pur and Babina regions, they have set up a clockwise P-T
path. Figures 6d and 7d demonstrate the P-7 pathways of
Mauranipur and Babina amphibolites, respectively. The
P-T routes of both amphibolites follow a similar pattern,
although the P-T conditions of the different metamorphic
stages differ significantly. Mauranipur amphibolites reach
a pre-peak metamorphic stage at a lower pressure and
temperature (6.7 kbar, 510 °C) than Babina amphibolites
(6.27 kbar, 520 °C). Peak metamorphism occurs in Babina
amphibolites at 5.2 kbar/805 °C, substantially higher in
temperature and pressure than the peak metamorphic P-T
conditions in Mauranipur amphibolites (7.3 kbar/578 °C).
Due to the availability of rutile, these differences may be
conceivable. Similarly, Mauranipur amphibolites’ post-
peak metamorphic stage is defined by a P-T condition of >
3.0 kbar/ > 585 °C, which is similar in pressure but lower
in temperature than Babina amphibolites (> 3.0 kbar/ >
640 °C). Ep-Amp-Cpx-Pl-Ilm-Ru-Qz and Ep-Amp-Cpx-
PI-IIm-Ab-Qz mineral assemblages characterize the pre-peak
stage of Mauranipur and Babina amphibolites, respective-
ly. In the Mauranipur region, rutile is found in both a pre-
peak and a peak metamorphic state, but it is rare in amphi-
bolites from the Babina region. Rutile is a stable mineral
in medium- to high-grade metamorphic belts and serves
as a clue material for subduction tectonic environments **,
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Following that, both locations were further buried, re-
sulting in a constant rise in pressure and temperature, and
amphibolites underwent peak metamorphism, generating
mineral assemblages of Amp-Cpx-Pl-Ilm-Ru-Qz and
Amp-Cpx-Pl-Ilm-Qz-H,O in the Mauranipur and Babina
regions, respectively. Under a decompression procedure, a
post-peak stage followed this peak stage, with a reduction
in pressure conditions. The presence of the mineral as-
semblages Amp-Pl-Ilm-Ru-Qz (MM-1) and Amp-PI-Ilm-
Qz-H,O (BB-1) in the post-peak stage indicates that it was
formed by the decompression and subsequent exhumation
of amphibolites on the surface.

8. Conclusions

1) P-T pseudosections for amphibolites from both re-
gions are plotted in the NCFMASHTO system and
characterized by three metamorphic stages.

2) The pre-peak, peak, and post-peak stages of amphib-
olites of the Mauranipur are designated by the pres-
ence of mineral assemblages Ep-Amp-Cpx-Pl-Ilm-
Ru-Qz, Amp-Cpx-Pl-Ilm-Ru-Qz, and Amp-PI-Ilm-
Ru-Qz, respectively. However, the pre-peak, peak,
and post-peak stages of amphibolites of the Babina
are demarcated by the mineral assemblage Ep-Amp-
Cpx-Pl-Ab-1lm-Qz, Amp-Cpx-PI-Ilm-Qz-H,0, and
Amp-PIl-1lm-Qz-H,0, respectively.

3) The P-T condition of the pre-peak stage is 6.7
kbar/510 °C, the peak stage is 7.3 kbar/578 °C, and
the post-peak stage is > 3.0 kbar/> 585 °C in the
Mauranipur amphibolites. Similarly, the P-T con-
dition of the pre-peak stage is 6.27 kbar/520 °C,
the peak stage is 5.2 kbar/805 °C, and the post-
-peak stage is > 3.0 kbar/> 640 °C in the Babina
amphibolites.

4) Amphibolites of both regions show a clockwise P-T
path, suggesting burial followed by exhumation.
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1. Introduction

As residents of Port Harcourt and its environs deal
with the latest atmospheric threat, black soot, experts
warn that long-term exposure to soot poses serious health
risks, including cancer and other critical health problems
that could lead to premature death. Soot produced as a
byproduct of incomplete combustion of organic (car-
bon-containing) materials such as wood, fuel oil, plastics,
and household waste contributes to air pollution, which is
a major environmental health risk "' Carcinogens such as
arsenic, cadmium, and chromium have been found in soot,
a fine black or brown powder. In the last ten years, a large
and well-documented literature on the effects and severity
of air pollution on human health has emerged. The elder-
ly and young infants are more vulnerable to illness as a
result of air pollution. Air pollution has been linked to a
variety of health effects, including eye, nose, and throat
irritation, pneumonia, bronchitis, lung cancer, heart dis-
ease, brain, nerve, liver, and kidney disease e, According
to Wikipedia, Port Harcourt is the capital of Rivers State,
located within the southern region of Nigeria. Port Har-
court has a population of over 1.8 million people as of
2016, a 3 square mile coastline, and an elevation of 468
meters (Latitude 4.78N, Longitude 7.01E). Because of the
presence of oil and gas, it is assumed that oil and gas-re-
lated businesses are the primary source of income for the
majority of people, followed by farming and trading. This
huge focus on oil and gas in the city has affected the city
both positively and negatively. Air pollution, water pol-
lution, and land pollution are among the negative effects
it has on the environment and the people. From exhaust
fumes to gas flaring, black soot, and oil spills on land and
water bodies. This paper will be focusing on air pollution,
chief among which is black soot.

A work on Satellite Determination of Particulate Load
over Port Harcourt during Black Soot Incidents carried out
by Ede and Edokpa "' suggested that the black soot in Port
Harcourt is a result of hydrocarbon combustion. 0.000035 mg/m’
was the minimum and 0.18 mg/m’ (0.035 g/m’-180 g/m’)
was the maximum dispersed emission concentration
found. He further inferred that the above-mentioned con-
centrations exceeded the national annual average limits,
which is 40 g/m’-60 g/m’.

Black soot is a carbon constituent produced as a result
of incomplete combustion of hydrocarbons. It is a climate
forcer . Generally, black soot is regarded as a very dan-
gerous air pollutant. Black soot in Port Harcourt, Rivers
State, was significantly noticed in the last quarter of the
year 2016 and has carried on to date. Many residents sug-

gest that the origin of the soot is a result of the burning of
crude oil illegally with the use of various illegal refiner-
ies, the burning of tyres, gas flaring, and asphalt burning.
Black soot has no doubt increased the amount of cardio-
vascular disease in the city.

The most visible air pollution within Port Harcourt,
Rivers State and its environs is black soot, which is emit-
ted daily with little or no strict rules and mitigating ac-
tions from the responsible bodies. Exposure to black soot
in low or high concentrations frequently results in serious
health issues and, in some cases, death. This underscores
the dire need to understand the entirety of the problem
(black soot) to enable the possibility of concrete, reliable
solutions. Understanding the characteristics of black soot
is a key step forward in getting to a concrete solution.

Study Area

The Port Harcourt is situated in the Niger Delta region
of Nigeria and is the capital of Rivers state (Figure 1).
Port Harcourt is located on latitude 4.91°N and longi-
tude 7.09°E, 4.74°N and 6.89°E meters elevation above
sea level with a population of 1,382, 592 according to
Nigerian census . It occupies an area of 1811.6 square
kilometres and shares boundaries with the Gulf of Guinea
along Bonny River. The city lies in the tropical monsoon
climate with lengthy and heavy rainy season and very
short dry season. The rainy season starts in March and
ends in October while the dry season starts in November
to February. December is the driest month of the year
with an average rainfall of 20 mm while September is
the month with the highest rainfall of about 367 mm.
The average temperature is between 25-28 °C in the city
with numerous hydrocarbon flow stations owned by the
SPDC Total E& P and Agip Oil Company. In Port Har-
court and other Niger Delta states, gas flaring is a major
environmental and public health issue. The human health
consequences are diverse, encompassing a wide range
of morbidities and fatalities °. The six monitoring sites
include Uniport Junction, GRA, Slaughter round about,
Rumuomasi round about, Abuloma Jetty and New Road
Borokiri. The choice of the roundabout and junction is the
area which experiences heavy vehicular traffic most of-
ten. The monitoring locations cover the traffic, residential
and commercial areas in line with National Ambient Air
Quality stipulations that monitoring must be undertaken
where people may be exposed. Other factors considered
in selecting the locations include accessibility, security,
distance, cost and availability of electricity.
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Uniport Junction

(Google Earth

Abuloma-Jetty

Figure 1. Map of the study area.

2. Literature Review
2.1 Sources of Air Pollution

Air pollution is the introduction of substances into the
air that is not originally there or is above the standard con-
centration and it is harmful to the environment and living
things within a short or long period of time. Pollution of
air is hugely due to anthropogenic, geogenic and biogenic
emissions . Anthropogenic source of pollution is pol-
lution caused by the activities of man, examples of such
are gas flaring, black soot, chlorofluorocarbons. Geogenic
source of pollution is air pollution that occurs naturally
without any active influence by human beings but still
has the potential to cause harm examples of such are vol-
canoes, the emission of sand by wind. Biogenic source
of pollution is natural sources like plants and vegetation.
These are temperature dependent mostly.

Weli ™ carried out research that included an in-depth
quantitative analysis of the spatial and seasonal atmo-
spheric levels of PM,, in Port Harcourt, as well as the
environmental health implications of their presence at
measured concentrations. Relative quantities of the pol-
lutant were compared in various areas based on land use
and time of year, including commercial, high-density resi-
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dential, low-density residential, industrial, and rural. PM,,
samples and analyses were collected and analyzed during
the dry, transition, and wet seasons. The findings suggest
that land use and seasons influence PM,, concentrations
in the atmosphere. The seasonal trend in PM,, levels was
dry > transition > wet for all land use types. During the
dry season, the commercial and industrial areas had the
highest values in terms of land use. The lowest PM,, value
was found in low-density residential areas. The seasonal
total atmospheric loading was 3436.1 g/m’, 8573.12 g/m’,
and 16,148.87 g/m’ for the wet, transition, and dry sea-
sons, respectively. According to the study, there is also a
statistically significant difference. There is a seasonal vari-
ation in PM,, concentrations across land use types. People
who live and work in areas with high levels of PM are
more likely to contract respiratory diseases. This includes
densely populated areas.

Nwachukwu et al. ®! discovered that all of the criteria
air pollutants were significantly higher in Rivers State
than the WHO specification. They discovered that air
pollution was linked to air-related morbidities and deaths
in the state. Among the air-related morbidities studied,
which included cerebrospinal meningitis (CSM), chronic
bronchitis, measles, pertussis, pulmonary tuberculosis,
pneumonia, and upper respiratory tract infection (URTI),



Journal of Environmental & Earth Sciences | Volume 04 | Issue 01 | April 2022

pneumonia was the most common for all of the years
studied and was responsible for the most deaths in 2005.

2.2 Black Soot

Black soot produced by the incomplete combustion of
hydrocarbon "' is considered as an airborne environmen-
tal contaminant, which is very toxic to the environment
and human beings. It is also considered to have a compo-
sition of particulate matter (PM), carbon mono oxide (CO),
nitrogen oxides (NO,) and sulphur dioxide (SO,). It has a
typical size ranging from 10 nm to 1 mm and the carbon
content level is less than 60% of the particle "', We are all
affected by these emissions, and the difference is our sus-
ceptibility which varies with health or age. Coarse partic-
ulates between 2.5 pm and 10 um are said to be emissions
of mechanical processes and dust. While finer particulates
of 2.5 um or less originate from a combustion source "',
In most urban settlements, a mixture of both is observed
but the ratio determines the dominant factor.

P Moo
FINE BEACH SAND

PMso0.75
HUMAMN HAIR

FINE BEACH SAND HUMAN HAIR

DUST PARTICLE

2.3 Black Soot in Port Harcourt

Due to the city’s heavy reliance on oil exploration, this
has not been mitigated to date; however, the ratio varies
seasonally. During the dry season, it seemed to be more
pronounced than during the rainy season. The major sourc-
es of black soot in Port Harcourt are mostly anthropogenic
activities. Examples are gas flaring by the oil and gas in-
dustry, burning of crude by illegal refineries, burning of
tyres, bombing of illegal refineries, and burning of asphalt.
However, a paper by the National Environmental Stand-
ards and Regulations Enforcement Agency (NESREA) ['?
on the “Impact of air pollution on the environment in Port
Harcourt” inferred that the most likely reason for the preva-
lent soot is due to poorly maintained public transport diesel
buses within the city, thermal power stations, and industrial
enterprises. The black soot in Port Harcourt is more potent
during the early hours of the day, which suggests that it is
highly due to illegal refineries and the destruction of illegal
refineries, which is done at that time of the day.

PM 10
Ph z5

S00T PARTICLE

PM- PARTICULATE MATTER

Figure 2. Sizes of particulate matter.

Figure 3. Depicting black soot in Port Harcourt.
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Figure 4. Sources of black soot.

2.4 Health Implications of Black Soot

Exposure to black soot can lead to a generation of
cancerous cells in different body tissues by DNA methyl-
ation and histone modification, which provokes a lack of
control over cell growth, changes in nuclear factor kappa
B (this regulates cellular differentiation in the body ) and
trigger C-FOS activation (production of oncogene which
overly expresses in many cancers).

Black soot can lead to an alteration in the expression

of endothelia molecules or VCAM (vascular cell adhesion
molecule). This can trigger various forms of cardiovascu-
lar malformation such as coronary heart disease, cardio
myopathes and ischemic changes.

Black soot can also affect the respiratory system by
affecting the eosinophyl and mast cell infiltration which
leads to fibroblast activation, epithelial cell hyperplasia
and deposition of extracellular matrix proteins which dis-
integrates into loss of lung functions or malformation of
lung tissues.

SOO0T [
| | |
CARDIOVASCULAR RESPIRATORY
DISEASE DISEASES
Alteration of expression of DNA methylation and Eosinophils and mast cells

endothelia molecules, VCAM-1, Histone modification infiltration

ICAM-1 and TERT resulting in l l

cardiovascular functi P ~
Fibroblast activation, epithelial

l changes in NF KappaB AND
C-FOS activation

4 Loss of cell growth control, ]

RS
Coronary Heart disease and l
interruptions of cardi
functions Cancer of different ti

cells hyperplasia, deposition of
extra cellular matrix proteins

!

of the body including lungs

Figure 5. Implications of black soot by Niranjan et al. !
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Table 1. Health effects of black soot components.

S/N CHEMICALS FOUND IN THE “BLACK SOOT”

KNOWN HEALTH ADVERSE EFFECT

1. THE PARTICULATE MATTER (PM)

THE POLYAROMATIC HYDROCARBONS (PAH)

Particulate Matter particles are >2.5 microns as such can and often do travel deep
into the human body and sometimes are absorbed into the blood vessels. They are
carcinogenic and often result in hypertension, lung liver and heart diseases. On
the skin it is often an irritant, that causes allergic reactions to the eyes, nose, skin
diseases.

These are hydrocarbons found in black soot, they are persistent in nature, if
introduced into the body system. they tend to remain in the system for a very long
time without significant degrading which causes cancer in almost every part of
the body.

2. GASES
CARBON OXIDES Heart and Respiratory diseases are common due to exposure to a certain limit of
carbon oxide exposure. Dizziness and asphyxiation in extreme cases are also ob-
served.
SULPHUR OXIDES Respiratory and heart diseases are generally observed including asthma.
NITROGEN OXIDES Hypertention and respiratory diseases often occur.
3. METALS
NICKEL The nickel itch is a common effect of nickel, respiratory, cardiovascular and
stomach diseases are common also.
LEAD In acute cases shut down of nervous system, impairment of the brain also occurs.
COBALT Carcinogenic, causes ulcers and lung disease.
COPPER Kidney and liver disease, carcinogenic.
CHROMIUM Cardiovascular diseases are carcinogenic and often causes infertility.

Over 2 million deaths yearly are credited to air pol-
lution ", due to small particulate nature of black soot it
travels deep into the human body, some consisting of PAH
(poly aromatic Hydrocarbon) which is carcinogenic

3. Material and Method
3.1 Measurement of TSP

(TSP) pg/m® = "5 7 x 10° x 10’
where:
[10] W, = the initial weight of clean filter paper (g)

W, = the final weight of the exposed filter paper (g)
Q = average sampling rate (flow rate), m’/min

T = Time (hours)

10° = g to g/m’ conversion

10’ = L to m’ conversion

Mini Vol Air Samplers were used to collect particulate

“The miniVol samplers’ flow rates were set to 5.0 L/min.”

matter (PM,, & PM,;) from the air at six different loca-
tions (East-West Road Uniport Junction, GRA Junction,
Trans Amadi Slaughter roundabout, Rumuomasi Rounda-
bout, Abuloma Jetty, and New Road Borokiri). To trap the
particles, quartz filter papers with a diameter of 47 mm
and high purity and efficiency were used. Prior to and after
sampling, the Whatman quartz fiber filter papers on which
the particles were trapped were stabilized in a desiccator
for at least 24 hours to remove any moisture. The quartz
filter papers were weighed before and after sampling, and
the difference in weight (W2—W1) was used to calculate
particulate matter concentrations in g/m’ using the USEPA
method for calculating PM10 (USEPA, 1999).

On each monitoring site, sampling was carried out over a
twenty-four-hour period (Figure 6). During the sampling
period, six (6) samples were collected from six monitor-
ing locations for particulate matter characterization. Each
sampling site received a sample identification in order
to identify samples collected from each site. The sample
identifications were created using the first letter of each
sampling site’s name, followed by the date of sampling
(in subscript). For example, U17/09/18 identifies a sample
collected on February 17th, 2020 at East West Road Uni-
port Junction.

Heavy metal analyses were performed at the Century
Laboratory in Port Harcourt.
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Figure 6. MiniVol air sampler.

3.2 TSP Extraction and Determination of Heavy
Metals

Shimadzu Atomic absorption spectrophotometer was
used to determine heavy metal concentrations in TSP
(model AA-6650 Series Agilent Technologies). For the
extraction process, the USEPA method 10-3.1 (USEPA,
1999) was used.

To remove heavy metals, the TSP-loaded filters were
extracted in an acid mixture. This acid mixture was com-
posed of hydrochloric acid and nitric acid in a 3:1 ratio.
Each filter paper was carefully placed in a Teflon tube,
and 10 mL of the acid mixture was added slowly to cover
the samples. The Teflon tubes were sealed and placed in
stainless steel bombs, which were then heated at 150 °C
for 6 hours on a hot plate.

After allowing the digested samples to cool to room
temperature, they were filtered and transferred into poly-
propylene graduated tubes. The Teflon tubes were rinsed
three times with deionized water, filtered, and the contents
were mixed with the digested sample in the polypropylene
tubes. The resulting solution was diluted to 30 mL with
deionized water. The flame atomic absorption spectropho-
tometer was then used to analyze heavy metals (FAAS).
The same method as described for the exposed filter paper
was used to prepare an unexposed filter paper as a blank.
FAAS detection limits for cadmium and nickel were 0.002 gm”
and 0.001 gm”, respectively. The detection limits for lead
and mercury were 0.009 gm™ and 0.001 gm™, respectively.

The following equation was used to convert metal con-
centration units from mg/L to g/m’:
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. C,—-C,)x -
Metal concentrations (ug/m’) = E=2%Y « 106
ug W

where:

C, = metal concentration in the sample solution (mg/L)
C, = metal concentration in the blank filter solution (mg/L)
V = sample solution volume (mL)

W, = particle weight on quartz filter paper (g)

10 = grams (g) to cubic meters (m’) conversion

PAHSs Analysis

The air filter particulate samples were extracted using
USEPA 355 °C standard method. The filter paper was
shredded and weighed into a 100 mL beaker made of bo-
rosilicate material and 5 mL of dichloromethane was add-
ed to the sample. The beaker and the content were placed
in a sornicator to extract the hydrocarbons for 20 minutes.
The extract was filtered into an extraction bottle, and the
process was repeated to recover any adherent hydrocarbon
content that was left during the first extraction. The total
extract obtained was concentrated to 1 mL prior to GC/
FID analysis I in accordance with USEPA 8015C standard
method. The GC/FID was calibrated using 35 components
TPH standards, manufactured by ACUU standard USA.
The model of the Agilent GC/FID is 6890N series. The
concentration of TPH was calculated as follows:

The air volume is calculated from the periodic flow
reading taken during sampling using the following equa-
tion:

QXT=V
where:
Q denotes the average flow rate of sampling in m’/minutes
T = sampling time in minutes
V = total sample volume in m’ at ambient conditions

C (g/m’ = Cs*Ve/V,*Vs) gives the concentration of
TPH compound in g/m’ in the air sampled.

Where Cs concentration of TPH in g/mL is recorded by
capital GC in the sample extract.

3.3 Data Analysis

Correlation, time series analysis and scatter plot will be
used in the analysis of the data.

4. Results and Discussion
4.1 Results
4.1.1 PM,, Concentrations

Figure 7 compares the mean PM, 5 and PM,, concen-
trations at the various sampling sites to WHO guideline
values.



Journal of Environmental & Earth Sciences | Volume 04 | Issue 01 | April 2022

120
103.3
100

80 71.2

PM Concentrations (plg/m?)

UNIPORT
JUNCTION

GRA
R/ABOUT

SLAUGHTER  ABULOMA  RUMOMASI
JETTY

85.5
WHO value for PMyp ==

WHO value for PM;5 e

BOROKIRI

R/ABOUT

Sampling locations

HPM, ¢ HPMyg

Figure 7. Mean PM, ; and PM,, concentrations at the sampling sites.

PM, 5 and PM,, values recorded at all six sampling sites
exceeded the 24-hour guideline values of 25 pg/m’ and
50 pg/m’ respectively from WHO. Slaughter roundabout re-
corded the highest mean PM,, concentrations (103.30 ug/m’)
followed by Abuloma jetty (85.50 ug/m®), Uniport Junc-
tion (71.2 pg/m’) , GRA(60.60 pg/m’) , Rumomasi R/
about (40.10 pg/m’) and New road Borokiri (35.2 pg/m’).
For PM,,, Slaughter roundabout recorded the highest
mean concentrations (93.70 pug/m’) while New road
Borokiri recorded the least mean concentration (31.3 pg/m’).

PM, s & PM,, concentrations recorded at Slaughter
roundabout are the highest probably due to heavy vehicu-
lar traffic and mass burning in the slaughter while the least
PM concentration is at GRA possibly due to low industrial
activity. Meanwhile the overall mean PM, 5 and PM,, con-
centration for the six sites respectively are 49.23 pg/m’
and 65.98 pg/m’.

Table 2. Daily PM, ; & PM,, concentrations at the sam-
pling sites.

SAMPLING SITE PM.s iw EAN PM, I\fEAN
(ng/m’) (ng/m’)

UNIPORT JUNCTION 386 712

GRA 28.3 60.6
SLAUGHTER R/ABOUT 93.7 103.3
ABULOMA JETTY 72.9 85.5
RUMOMASI R/ABOUT  30.6 40.1

NEW ROAD BOROKIRI  31.3 35.2

4.1.2 Metal Concentrations at Different Sampling
Locations

Metal concentrations measured at various sampling
sites were compared to EPA cancer target risk (1 in one
million) and European Union air quality standards.
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As shown in Table 3, the highest concentration of lead
is 0.532 g/m’ at Abuloma jetty, which is slightly higher
than the European Union AQS guideline value of 0.5 g/m’
and also higher than the EPA cancer target risk of 0.03 g/m’.

Table 3. The lead (Pb) concentrations in g/m’ at the vari-
ous sampling sites.

Sampling Site Mean Reference guideline/value
UNIPORT JUNCTION <0.009

GRA <0.009

SLAUGHTER R/ABOUT  0.490 0.5 pg/m® (EU AQS)
ABULOMA JETTY 0.532 0.03 ug/m® (EPA cancer TR)
RUMOMASI R/ABOUT 0.021

BOROKIRI 0.017

The mean Concentrations of Mercury for the six sam-
pling locations were below 0.001 pg/m’ which is below
0.014 pg/m’ (US EPA National Ambient levels at urban
sites) as shown in Table 4 below.

Table 4. Mercury (Hg) concentrations in pg/m’ at the vari-
ous sampling sites.

Sampling Site Mean Reference guideline/value
UNIPORT JUNCTION 0.001
GRA 0.001
0.014 pg/m’
SLAUGHTER R/ABOUT  0.001 (US EPA National ambient
ABULOMA JETTY 0.001 Air concentration for urban
environment)
RUMOMASI R/ABOUT 0.001
BOROKIRI 0.001

From Table 5 shown below, the highest mean Concen-
tration of cadmium is 0.544 ug/m’ at slaughter roundabout
which is below 0.6 pug/m’ (US EPA National Ambient lev-
els at industrial sites) but above EPA cancer target risk (1
in one million) of 0.0014 pg/m’.

Table 5. Cadmium (Cd) concentrations in pg/m’ at the
various sampling sites.

Sampling Site Mean Reference guideline/value
UNIPORT JUNCTION 0.002
GRA 0.002  0-6ngm’
(US EPA National ambient
SLAUGHTER R/ABOUT  0.544 Air concentration for
ABULOMA JETTY 0.41 industrial environment)
0.0014 pg/m’ (EPA (cancer
RUMOMASI R/ABOUT 0.011 TR)
BOROKIRI 0.011

From Table 6 below, the highest mean concentration of
chromium is 0.338 pg/m’ at slaughter roundabout which
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is below 0.4 pg/m’ (US EPA National Ambient levels at
industrial sites).

Table 6. Chromium (Cr) concentrations in pg/m’ at the

various sampling sites.

Sampling Site Mean  Reference guideline/value
UNIPORT JUNCTION 0.012
GRA 0.01
0.4 pg/m’
SLAUGHTER R/ABOUT 0.338 (US EPA National ambient
ABULOMA JETTY 0274 Air concentration for
industrial environment)
RUMOMASI R/ABOUT 0.002
BOROKIRI 0.009

From Table 7 below, the highest mean Concentration
of Nickel is 0.407 pug/m’ at Abuloma jetty which is above
0.17 ug/m’ (US EPA National Ambient levels at industrial
sites) and 0.01 pg/m’ (EPA cancer target risk for 1 in one
million).

Table 7. Nickel (Ni) concentrations in pg/m’ at the various
sampling sites.

Sampling Site Mean Reference guideline/value

UNIPORT JUNCTION 0.017

GRA 0.001 0.17 ug/rn3

SLAUGHTER R/ABOUT 0.432 (US EPA National ambient
Air concentration for

ABULOMAJETTY 0.407 industrial environment)

RUMOMASI R/ABOUT 0005 001 pg/m’ (EPA cancer TR)

BOROKIRI 0.016

4.1.3 Heavy Metals in Particulate Matter Fraction

From Figure 8 below, it could be observed that the total
PM concentration recorded across the six sampling sites
constitutes 30% lead, 27% cadmium, 25% Nickel, 18%
Chromium and 0% mercury. The most abundant metal in
PM fraction is lead.

The pie chart shows the percentage composition of
heavy metals in the PM fraction across the six sampling
sites.

4.1.4 Correlation between Particulate Matter
Concentration and Meteorological Parameters

From Figure 9 below, we can see a strong positive rela-
tionship between PM, s and PM,, (r = 0.87) which can also
be seen in Figure 9 straight line. We can see that PM, 5 and
PM,, have a weak but positive correlation with relative
humidity and wind speed respectively. Meanwhile PM, ;
and PM,, (r =-0.19, r =-0.20) have a weak and negative
correlation with temperature respectively.
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4.1.5 Correlation between Heavy Metals and Me-
teorological Parameters

Figure 10 below shows there is a strong positive corre-
lation between heavy metals and PAHs. We can also see a
weak and positive correlation between relative humidity,
wind speed and heavy metals. While there exists a weak
and negative relationship between heavy metals and
temperature. Important to state is also the negative rela-
tionship that exists between wind speed, temperature and

PAHs. But relative humidity is positively correlated with
Poly Aromatic Hydrocarbons (PAHs).

4.1.6 Trend Analysis Concentration of PM, ; &
PM,, Varies with Meteorological Parameters

Figure 11 shows that high particulate matter concentra-
tion occurs at a wind speed of 0.6 m/s to 0.62 m/s while
the least PM concentration occurred at a wind speed range
of 2.34 m/s to 2.86 m/s.

M Pb W Hg B Cd " Cr M Ni

Figure 8. Percentage concentrations of heavy metals in PM fraction.
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Figure 9. Correlation plot showing the relationship be-
tween pollutant and meteorological parameters.
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Figure 10. Pair plot showing correlation between heavy
metals and meteorological parameters.
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Figure 12 shows that high particulate matter concentra-
tion occurs at a temperature range of 27.1 °C to 28.5 °C
while the least PM concentration occurred at a tempera-
ture range of 30.6 °C to 31.5 °C.

Figure 13 shows that high particulate matter concentra-
tion occurs at a relative humidity range of 78.5% to 80.1%
while the least PM concentration occurred at a relative
humidity range of 61.5% to 68.1%.

4.1.7 Trend Analysis Concentration of PM,; &
PM,, Varies with Time

The diurnal (hourly) plot shows that PM, s and PM,,
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concentrations are highest in the evening and lowest in the
afternoon. Meanwhile, the day of the weak plot shows that
the highest PM concentration was on Wednesday at the
slaughter roundabout monitoring location. The calendar
plot in Figures 14 and 15 equally confirmed that Wednes-
day 19th September experienced the highest particle pol-
lution at Slaughter roundabout.

Figure 16 shows a ratio of 0.79 in the morning, 0.63 in
the afternoon and a ratio of 1.1 in the evening depicting
predominance of PM, ; fraction in all the areas in the day.
But the mean PM, ;/PM,,, ratio is 0.74.
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Figure 12. Trend plot showing variation in PM, ; & PM,, against temperature.
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4.2 Discussion
4.2.1 Particulate Matter

From Figure 7, it could be deduced that Slaughter
roundabout had the highest mean PM, s and PM,, con-
centrations of 103.3 pg/m’ and 93.7 pug/m’ respectively.
GRA monitoring recorded the least PM,; (28.3 pg/m’).
From Figure 7 it could be seen that PM, ; and PM,, con-
centrations for the six locations are above the WHO rec-
ommended value of 25 pg/m’ and 50 pg/m’ in 24 hours. It
then means that these locations are non-attainment areas
with particle pollution.

4.2.2 Heavy Metals Concentration in Particulate Mater

From Figure 8 above, it could be observed that the total
PM concentration recorded across the six sampling sites
constitutes 30% lead, 27% cadmium, 25% Nickel, 18%
Chromium and 0% mercury. The most abundant metal in
PM fraction is lead.

From Table 3, the highest concentration of lead is 0.532 g/m’
at Abuloma jetty, which is slightly above the European
Union AQS guideline value of 0.5 g/m’ and also above the
EPA cancer target risk of 0.03 g/m’. All the sites have a
value below the reference value except for Slaughter junc-
tion, which has the highest value. The high value of lead
at the location can be attributed to the burning of oil and
leaded waste. It is a serious public health concern because,
at a high exposure level, most organs and systems, such as
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the kidneys and central nervous system, are injured.

According to Table 5, the highest mean concentrations
of cadmium are 0.544 g/m’ at the slaughter roundabout,
which is less than 0.6 g/m’ (US EPA National Ambient
levels at industrial sites) but greater than the EPA cancer
target risk (1 in one million) of 0.0014 g/m’. According
to the USEPA, it is carcinogenic to humans. Prolonged
exposure to cadmium may cause renal dysfunction which
may in turn lead to devastating bone disease in people
with risk factors like poor nutrition. People who live in
cadmium-polluted areas are more likely to develop diseas-
es such as osteoporosis and have a higher risk of fractures.
Vehicle exhaust emissions, including tyre abrasion; open
burning of municipal waste containing Ni-Cd batteries;
and plastics containing cadmium pigments are all poten-
tial sources of cadmium.

According to Table 4, the mean Mercury concentrations
for the six sampling locations were less than 0.001 g/m’,
which is less than 0.014 g/m’ (US EPA National Ambient
levels at urban sites). Except for regional “hot spots”,
mercury levels in outdoor air are typically in the order
of 0.005 g/m’-0.010 g/m’ and thus are marginal when
compared to exposure from dental amalgam, according to
WHO guidelines. At these air levels, exposure to mercury
from outdoor air is not expected to have a direct impact
on human health. However, to avoid potential health ef-
fects in the near future, mercury levels in the ambient air
should be kept as low as possible.

According to Table 7, the highest mean concentration
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of nickel is 0.407 g/m’ at Abuloma jetty, which is higher
than 0.17 g/m’ (US EPA National Ambient levels at indus-
trial sites) and 0.01 g/m’ at other locations (EPA cancer
target risk for 1 in one million). Nickel exposure has been
linked to chronic bronchitis, reduced lung function, lung
cancer, and nasal sinusitis. The EPA has determined that
nickel refinery dust and nickel subsulfide are carcinogens
to humans. The primary source of anthropogenic nickel
emissions is oil combustion, which could explain the high
concentration at Abuloma jetty.

According to Table 6, the highest mean concentration
of chromium is 0.338 g/m’ at the slaughter roundabout,
which is less than 0.4 g/m’ (US EPA National Ambient
levels at industrial sites).

Chromium (III) is a trace element that is required by
both humans and animals. Chromium(VI) compounds are
toxic and carcinogenic, but the potencies of the various
compounds vary greatly. Because the bronchial tree is the
primary target organ for the carcinogenic effects of chro-
mium (VI) compounds, and cancer is primarily caused by
inhalation exposure, uptake in the respiratory organs is
extremely important in terms of cancer hazard and subse-
quent risk of cancer in humans. According to the IARC,
there is sufficient evidence of carcinogenicity in humans
for chromium and certain chromium compounds.

4.2.3 Correlation between Particulate Matter
Concentration and Meteorological Parameters

From Figure 9 we can see a strong positive relation-
ship between PM, 5 and PM,, (r = 0.87) which can also be
seen in Figure 10 straight line. We can see that PM, 5 and
PM,, have a weak but positive correlation with relative
humidity and wind speed respectively. Meanwhile PM, ;
and PM,, (r = —-0.19, r = -0.20) have a weak and negative
correlation with temperature respectively. It therefore
shows that wind speed and relative humidity slightly in-
creases particulate matter concentration while increase in
temperature slightly reduces PM concentration. However,
increase in PM, ; gives rise to a corresponding increase in
PM,, concentration.

4.2.4 Correlation between Heavy Metals and Me-
teorological Parameters

Figures 10 and 9 show there is a strong positive corre-
lation between heavy metals and PAHs. We can also see a
weak and positive correlation between relative humidity,
wind speed and heavy metals. While there exists a weak
and negative relationship between heavy metals and
temperature. Important to state is also the negative rela-
tionship that exists between wind speed, temperature and

PAHs. But relative humidity is positively correlated with
Poly Aromatic Hydrocarbons (PAHs). It shows that PAHs
increase as heavy metals increase in particulate matter
showing a possibility of related origin. Also, relative
humidity and wind speed slightly increase concentration
of heavy metals in PM while temperature does not allow
heavy metals to bond with PM. Relative humidity increas-
es the concentration of PAHs in particulate matter.

4.2.5 Trend Analysis Showing How Concentration
of PM, & PM,, Varies with Meteorological
Parameters

Figure 11 shows that high particulate matter concentra-
tion occurs at a wind speed of 0.6 m/s to 0.62 m/s while
the least PM concentration occurred at a wind speed range
of 2.34 m/s to 2.86 m/s. This indicates that at low wind
speed when the atmosphere is relatively stable, they tend
to be more PM concentration due to lack of dispersion.

Figure 12 shows that high particulate matter concen-
tration occurs at a temperature range of 27.1 °C to 28.5 °C
while the least PM concentration occurred at a tempera-
ture range of 30.6 °C to 31.5 °C. It explains the fact that
high temperature aids in air turbulence which consequent-
ly disperses the particulate matter.

Figure 13 shows that high particulate matter concentra-
tion occurs at a relative humidity range of 78.5% to 80.1%
while the least PM concentration occurred at a relative
humidity range of 61.5% to 68.1%. It clearly shows that
high relative humidity does not support air dispersion in-
stead it encourages suspension of PM in the air.

4.2.6 Trend Analysis Showing How Concentration
of PM, ; & PM,, Varies with Time

The diurnal (hourly) plot shows that PM, ; and PM,,
concentrations are highest in the evening and lowest in
the afternoon. Meanwhile, the day of the weak plot shows
that the highest PM concentration was on Wednesday at
slaughter roundabout monitoring location. The calendar
plot in Figure 15 equally confirmed that Wednesday 19th
September experienced the highest particle pollution at
Slaughter roundabout. The reason for high PM concen-
tration in the evening and morning could be attributed to
peak hours that entail high vehicular movement. There is
a lot of human activities happening at slaughter round-
abouts such as vehicular movement, mass burning and
other commercial activities which gave rise to high PM
concentrations.

4.2.7 PM Ration

According to WHO guidelines PM, /PM,, ratio within
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the range of 0.5-0.8 shows predominance of PM, ; fraction
while ratios below show dominance of PM,,. Figure 16
shows a ratio of 0.79 in the morning, 0.63 in the afternoon
and a ratio of 1.1 in the evening depicting predominance
of PM, ; fraction in all the areas in the day. But the mean
PM, s/PM,, ratio is 0.74 which is within the WHO range
for developing countries. This high PM, ;/PM,, ratio is an
indication that we have a predominance of PM,;in the
ambient air.

5. Conclusions

The result of the investigation shows the ambient air at
the six monitoring sample stations was heavily polluted
with PM, ; and PM,,. The PM concentrations exceeded the
WHO (2010) guideline value, which could be the cause of
the current PM episode in Port Harcourt, resulting in asth-
ma, lung cancer, breathing difficulties, and miscarriages
among pregnant women, which have affected the health
implications of the people living in the environment.
However, the constituents of PM contain heavy metals
in extremely low concentrations that are unlikely to en-
danger human health due to their short half-life. Despite
the fact that the PM concentrations recorded in this study
were extremely high, the metal constituents have a low
lifetime risk.

Recommendation

The need for more research to be conducted during
both the wet and dry seasons to determine both seasonal
and temporal variability, as well as long-term studies to
determine the effects of PM on public health.
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Keywords: lot in recent years. In this study, air pollution caused by transportation in
Air pollution Erzurum, Turkey has been investigated. Emission amounts of NOy, PM,,,

and SO, values have been calculated according to the types of vehicles

in the city. Then, the amount of emissions from transportation in the total

Pedestrians sector has been revealed. The transportation structure of the city has
examined in general terms and the missing aspects in terms of pedestrian
transportation have been revealed. Finally, some solution proposals aiming
to encourage the use of pedestrian transportation and micro mobility
vehicles in order to reduce motor land vehicles are presented.

Urban transport

the living life on earth. There are natural and artificial fac-
tors affecting air pollution. While natural factors usually
Air pollution is the presence of foreign substances in  occur with natural events, artificial factors emerge with
the air in the form of solids, liquids and gas in the atmos-  the effect of humans. The three biggest artificial factors
phere in an amount, density and for a long time that will  affecting air pollution are heating, industry and transporta-
harm human health, living life and ecological balance.  tion sectors "
The air layer is polluted with the wastes generated during Air pollution originating from these sectors may differ
the production and consumption activities that occur as a  according to the region. In regions where industrial facil-
result of various activities of people, negatively affecting ities are very concentrated, air pollution originating from
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the industrial sector is high. Air pollution in the heating
sector is high in regions where the winter period is long
and coal-derived fuels are used frequently. In areas where
road vehicles using fossil fuels are heavily used, air pollu-
tion from transportation is higher ',

Air pollution from transportation is affected by driving
patterns, speed and traffic congestion, altitude, meteor-
ological conditions, vehicle type, size, age, technical in-
spection, exhaust inspection and most importantly, emis-
sion control equipment and its maintenance. Especially
old motor vehicles, vehicles that do not have periodic
maintenance and repair, vehicles with carburetors, vehi-
cles carrying loads above the limit, bad roads and traffic
congestion cause an increase in air pollution .

Due to the increase in air pollution caused by trans-
portation in the world, many studies are carried out in
this field. A significant part of the studies carried out by
considering the effect of the transportation sector on air
pollution reveals the necessity of making some changes in
this sector “*. Some studies examine the negative effects
of air pollution from transportation on human health and
the environment ', Harmful gases in the air can signifi-
cantly damage people’s respiratory systems "'’ Problems
that occur in the respiratory system can progress seriously
enough to cause cancer later on. Harmful gases in the air
can adversely affect animals and plants as well as humans.
In areas with intense air pollution, some animal species
may become uninhabitable. Similarly, intense air pollution
can cause vegetation to change "',

Especially in the city centers, the high number of road
vehicles and the traffic jams in these regions increase the
air pollution that may occur. Therefore, in studies dealing
with transportation-related air pollution, city centers are
generally examined. For example, due to the COVID-19
epidemic, which has been affecting the world since 2019,
lockdowns occurred at certain times in various parts of
the world. In these periods, it has been observed from the
studies that air pollution has decreased significantly, espe-
cially in urban centers. Because in these periods, people
did not feel the need to go to work or school because they
stayed at home. For this reason, since they do not provide
transportation to any place by vehicles, harmful gas emis-
sions in cities have decreased "'+

Some of the studies affecting the air pollution of trans-
portation deal with the economic costs caused by this air
pollution. Because it is necessary to apply some treat-
ments in order to improve the health problems caused by
air pollution. These treatments can also be provided with
serious costs. In addition, the cleaning of particles re-
leased from transportation incurs certain costs """,

There are many studies examining the transportation
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sector and air pollution "">*”, These studies provide read-

ers with important information to reduce air pollution. In
addition, the results obtained from these studies can offer
important ideas to policy makers or local governments. In
addition to the existing studies in this field, new studies
are being conducted every day that examine the relation-
ship between transportation and air pollution.

In this study, motor road vehicles in Erzurum province
have been examined separately according to their types
and fuel types. Annually released NOy, PM,, and SO, gas
amounts have been calculated for each species. Then, the
gas emissions from the transportation sector and the gas
emissions from the industry and heating have been com-
pared and the share of transportation in air pollution has
been revealed. Finally, some suggestions have been made
to reduce air pollution caused by transportation in the city.
It has stated that some studies should be prioritized espe-
cially in order to encourage pedestrian transportation.

2. Materials and Methods
2.1 Study Area

The city of Erzurum, used as the study area, is located at
an altitude of 1900 meters above sea level and in the eastern
part of Turkey. The population of the city is approximately
750 thousand as of 2021. Road vehicles are used in urban
transportation. The total number of motor road vehicles in
the city is approximately 117 thousand. Cars and trucks
cover a large part of this number of vehicles *'**. The loca-
tion of Erzurum, the study area, is shown in Figure 1.

2.2 Data Processing

Most of the data used in the study have been obtained
from the reports of the Provincial Directorate of Environ-
ment and Urbanization . An inventory of traffic activity
data has been created by the staff of the Provincial Direc-
torate of Environment and Urbanization, in written and
one-on-one interviews with the institutions. The length of
roads and vehicle counts in Erzurum Province have been
obtained from the Erzurum Metropolitan Municipality
Presidency (Directorate of Transportation and Urban Plan-
ning), and the number of vehicles according to the motor
types and fuel types in the traffic in the city have been ob-
tained by the Turkish Statistical Institute and the Provin-
cial Police Department (Traffic Registration Branch Di-
rectorate) “**). From the records of Vehicle Maintenance
Services operating in Erzurum province, the average
annual fuel consumption and annual road distances have
been determined according to vehicle types. Annual fuel
amounts sold in Erzurum have been also obtained from
the Energy Market Regulatory Authority and compared
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Figure 1. Location of study area.

with the fuel consumed by the vehicles. Defined fuel and
vehicle subcategories: Air pollutant emissions can reach
significant levels around main streets, intersections and
highways where traffic is intense.

Table 1 below shows the statistics including the types
of vehicles in Erzurum and the types of fuel they use.

The main emissions from vehicles are NO,, CO, HC,
SO,, PM and lead in PM. Although PM emissions from
exhaust gases are low, they should be carefully examined

in terms of threatening human health and nature due to the
lead they contain. These emissions from vehicles depend on
parameters such as vehicle age, engine operating speed, op-
erating temperature, ambient temperature, ambient pressure,
fuel type and quality. In the study, different emission factors
have been used according to each vehicle type and fuel type.
These factors have been determined by the Ministry of En-
vironment and Urbanization. Emission factors determined
according to vehicle types are given in Table 2.

Table 1. Number of vehicles in Erzurum province.

Type of vehicle Gasoline Diesel LPG Total
Truck 5,878 5,878
Small truck 26,645 26,645
Minibus 2,990 2,990
Motorcycle 2,662 2,662
Bus 1,159 1,159
Automobile 15,031 20,917 22,318 58,266
Tractor 19,663 19,663
Total 17,693 77,252 22,318 117,263
Table 2. Emission factors determined by vehicle type.
Type of vehicle Types of Fuel Emission Factor (NOy) Emission Factor (PM,,) Emission Factor (SO,)
Automobile Gasoline 14.5 0.03 0.02
Automobile Diesel 11 1.1 0.02
Automobile LPG 15.5 0 0.1
Light Vehicle Gasoline 24 0.02 0.02
Light Vehicle Diesel 15 1.52 0.02
Light Vehicle LPG 16 0 0.1
Heavy Vehicle Gasoline 6.6 0 0.02
Heavy Vehicle Diesel 37 0.94 0.02
Heavy Vehicle CNG (Bus) 13 0.02 0.1
Motorcycle Gasoline 9.5 22 0.02

*CNG: compressed natural gas.

49



Journal of Environmental & Earth Sciences | Volume 04 | Issue 01 | April 2022

3. Results

In order to calculate the amount of emissions from road
vehicles in a year, the emission coefficient of each type of
vehicle and the amount of fuel used in a year must be tak-
en into account. Total NO,, PM,, and SO, gas emissions
in a year are given in Tables 3-5, respectively.

When all three tables are examined, the total NOy
emission amount in a year is 4,843.95 tons, the total PM,,
emission amount is 212.87 tons and the total SO, emission

amount is 7.70 tons. It is seen that NOy emission amount
is quite higher than PM,, and SO, emission amount. The
reason for this is that the emission coefficient of NOy is
quite high. In order to determine the share of these three
emission values in the city’s air pollution, it is necessary
to compare them with the emission values in the heating
and industry sectors. The graph in Figure 2 below shows
the sectoral distribution of one-year NOy, PM,, and SO,
emission values in Erzurum.

Table 3. Total NOy emission amount in a year.

Traffic Total Emissions (NOy)

Total emission (tons/year)

Type of vehicle Types of fuel Emission factor (A) Total fuel (Tons) (B) (A)*(B)/1000
Automobile Gasoline 14.5 13,527.9 196.15
Automobile Diesel 11 14,641.9 161.06
Automobile LPG 15.5 40,172.4 622.67
Light Vehicle Gasoline 24 0 0.00
Light Vehicle Diesel 15 85,449.5 1,281.74
Light Vehicle LPG 16 0 0.00
Heavy Vehicle Gasoline 6.6 0 0.00
Heavy Vehicle Diesel 37 69,781.84 2,581.93
Heavy Vehicle CNG (Bus) 13 0 0.00
Motorcycle Gasoline 9.5 399.3 0.40
Total 223,972.84 4,843.95

Table 4. Total PM,, emission amount in a year.

Traffic Total Emissions (PM,,)

Type of vehicle Types of Fuel Emission Factor (A)  Total fuel (Tons) (B) ;l:;::l:;lll;s(;gn (tons/year)
Automobile Gasoline 0.03 13,527.9 0.41
Automobile Diesel 1.1 14,641.9 16.11
Automobile LPG 0 40,172.4 0.00
Light Vehicle Gasoline 0.02 0 0.00
Light Vehicle Diesel 1.52 85,449.5 129.88
Light Vehicle LPG 0 0 0.00
Heavy Vehicle Gasoline 0 0 0.00
Heavy Vehicle Diesel 0.94 69,781.84 65.59
Heavy Vehicle CNG (Bus) 0.02 0 0.00
Motorcycle Gasoline 2.2 399.3 0.88
Total 223,972.84 212.87
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Table 5. Total SO, emission amount in a year.

Traffic Total Emissions (SO,)

Total emission (tons/year)

Type of vehicle Types of Fuel Emission Factor (A) Total fuel (Tons) (B) (A)*(B)/1000
All vehicles Gasoline 0.02 13,927.2 0.28
All vehicles Diesel 0.02 169,873.24 3.40
All vehicles LPG 0.10 40,172.4 4.02
Total 223,972.84 7.70
B PMy M SO, M NOx
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212.87 27 208 16 100
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Figure 2. Sectoral distribution chart of NOy, PM,,, SO, emissions.

When the sectoral distribution of emission values in
the city is examined, it is seen that the transportation
sector covers approximately 70% of the total emission
values. A very large part of this amount is due to NOy
emissions. In addition to this situation, in the study, it has
been determined that motor vehicles on the road increased
between 07.00-09.00 in the morning and 17.00-20.00 in
the evening. Particulate matter and emissions from motor
vehicles reach significant levels, especially around main
streets, intersections and highways. The amount of these
emissions from vehicles depends on parameters such as
the age of the vehicle, the operating speed of the engine,
operating temperature, ambient temperature, ambient
pressure, fuel type and quality. Although air pollution
caused by heating occurs in the city due to cold weather,
air pollution caused by transportation is much higher. It is
seen that the share of the industrial sector in air pollution
in the city is much lower. The reason for this is that the

city is not an industrial city and the industrial facilities are
generally located far from the city.

4. Discussion

The fact that the share of the transportation sector in
the air pollution in the city is too high is an important
problem. Because while interventions to air pollution
originating from the heating and industry sector are quite
difficult, it is easier to intervene in air pollution related to
the transportation sector. For this reason, it is possible to
significantly reduce air pollution related to the transporta-
tion sector with some regulations.

Although the use of hybrid and electric vehicles in the
transportation sector is increasing day by day, air pollu-
tion caused by transportation is very high as the demands
of individuals for automobile ownership are higher. In
addition, although the province of Erzurum, which has
been chosen as the study area, has a cold climate, the air
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pollution caused by the heating of houses and workplaces
is almost one third of the air pollution caused by transpor-
tation.

In this study, when the urban transportation structure is
examined, it has been determined that individuals prefer
individual automobile use rather than public transporta-
tion. In addition, it is seen that individuals travel by auto-
mobile even for very short distances. In order to prevent
these and similar problems and to prevent air pollution in
the city, some suggestions are presented below.

e Within the framework of the Transportation Master
Plan, the pedestrian roads should be redesigned to
reduce the traffic density in the city center.

e It is necessary that the pedestrian roads provide a
connection between the important points of the city
and the pedestrian crossings should be made suitable
for this.

e A minimum number of safe pedestrian crossings are
required, rather than a large number of pedestrian
crossings. In this way, safe passage can be provided
for pedestrians. In addition, air pollution can be re-
duced by reducing stops on the road.

e In order to reduce the use of individual vehicles, it is
necessary to carry out studies to make public trans-
portation services attractive.

e For the planning and management of traffic, green
wave, smart signaling systems, traffic congestion
pricing, different parking fees need to be implement-
ed.

e [t is necessary to limit the use of vehicles in the
hours and regions where the traffic density increases
and individuals should be directed to public trans-
portation vehicles or pedestrian transportation.

e In order to increase micromobility in the city, bi-
cycle lanes and similar alternative transportation
should be increased and encouraged.

5. Conclusions

In this study, the problems caused by the increasing air
pollution in the world have been mentioned. The transpor-
tation sector, which is one of the most important factors
causing air pollution, has been discussed. For this reason,
the air pollution caused by transportation has calculated
for the province of Erzurum, which has determined as the
study area. Emission factors determined for each vehicle
type and each fuel type have been taken into account in
the calculation process. NOy, PM,, and SO, emissions
have been calculated by taking into account the amount
of vehicle fuel used in the city in a year. As a result of
the calculations, it has been determined that the NOy
emission is particularly high. Accordingly, the amount of
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emissions originating from transportation and the amount
of emissions originating from heating and industry have
been compared. It has been determined that approximately
70% of the total amount of emissions in the city originates
from transportation. In the discussion part, this situation
has been examined and some suggestions have been made
in order to reduce the use of vehicles in the city. In par-
ticular, the preference for public transportation vehicles,
the increase in bicycle paths and the increase in pedestrian
transportation have been mentioned. It has been men-
tioned that in order to spread pedestrian transportation,
the pedestrian ways should be designed to connect the
important points in the city, the pedestrian ways should
be made more usable and the pedestrian crossings should
be designed safely. In this direction, cleaner and healthier
living conditions will be provided for living things.

This study revealed the effect of transportation on air
pollution in cities. In order to reduce this air pollution,
it has been stated that the use of motor vehicles should
be reduced and measures should be taken to increase pe-
destrian transportation. Future studies can optimize the
design of pedestrian roads that increase pedestrian access
and public transport systems that will reduce the prefer-
ence for motor vehicles.
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1. Introduction

Food security for the increasing human population re-
lies on the quality of environment and sustainability of soil
and water resources. Across the world, erosion removes
as high as 75 billion tons of soil per annum " and is an
alarming environmental problem with far-reaching impact.
Soil quality decline due to erosion is a problem resulting in
nutrient depletion and constraining the development of the
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Soil erosion is a major environmental problem affecting development
endeavors. Physical soil and water conservation (SWC) measures such as
soil bunds are implemented to mitigate soil erosion. However, information
on the effects of soil bunds on soil fertility is limited. This study aimed
to evaluate soil quality in fields with soil bunds and with no soil bunds in
steep, middle and lower sloping cultivated lands as well as spatial variation
of soil properties in between bunds in southwest Ethiopia. About 7-15 years
old bunds and nearby cultivated fields lacking bunds were assessed. From
0 cm-20 cm soil depth, 36 soil samples were collected. Soil texture, soil
organic carbon (SOC), total nitrogen (N,,) and exchangeable potassium
(Kyen) Were analyzed. Soil bunds showed significantly (p<0.0.5) greater
clay but less sand than adjacent no-bund fields. In steep, middle, and lower
slopes, concentrations of SOC and K., were greater in fields with soil
bunds than without. Lower slope fields showed greater clay, SOC and
nutrients than steep slopes. In between soil bunds, soil was more fertile
at bunds than below the bunds. In Fanta watershed, soil bunds are a vital
conservation measure to retain soil fertility in cultivated mountainous areas.

agricultural sector and attainment of food security. About
65% of the total area is regarded as degraded, Sub-Saharan
Africa is among the regions highly affected by soil quality
loss that emanates from poor land management and exces-
sive removal by erosion **!. The geographic distribution of
quality loss varies due to differences in topography, climate
and land management. For example, east African highland
is a soil degradation hot spot due to high annual soil loss,
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e.g., 420 tons per hectare in Uganda %,

Ethiopia is among the countries most affected by soil
erosion. The traditional and fragmented -agriculture
dominating landscape of Ethiopia has been affected by
soil erosion ¥, In Ethiopia, about 50% of the highlands,
landscapes with an elevation exceeding 1500 meters from
sea level, suffer from sheet and rill erosion ', which is a
severe problem in sloping areas, mainly in the northern
and central highlands having little permanent vegetation
cover and shallow soils. Every year, about 1.4-2 billion
tonnes of soil are removed by erosion, about 50% of
which is from cereal-growing landscapes '*”. Soil forma-
tion in Ethiopia varies between 2 tonnes/hectare/year and
22 tonnes/hectare/year ', but several studies across the
country reported soil erosion that exceeded soil formation
rate """, This implied that the Ethiopian highlands have
been experiencing a decline in soil fertility due to severe
soil erosion. The traditional conventional farming system
on shallow soil and sloping topography, excessive remov-
al of plants by livestock and wood material extraction,
crop residue removal, and shortened fallow periods due to
increasing population and land scarcity have aggravated
soil erosion and degradation "*"". Soil degradation due
to erosion significantly contributes to food insecurity
among rural households and poses a real threat to the
sustainability of existing subsistence agriculture "%

Traditional soil and water management practices
have existed in Ethiopia for centuries ""*'. However, ex-
pert-based efforts for controlling soil erosion were started
in the past about four decades after recognizing the ad-
verse effects of severe soil degradation and drought, par-
ticularly in Tigray and Wollo areas of northern Ethiopia.
The modern erosion controlling efforts were implement-
ed by constructing physical soil and water conservation
techniques such as soil and stone bunds through resource
support of international organizations """, The earlier
incentives for controlling erosion and soil degradation
were followed by food for work schemes "”. In the re-
cent two decades, the government emphasized environ-
mental rehabilitation and protection using a participatory
watershed management approach mainly in highlands,
where population density is high and land degradation
challenges agricultural production "*. The government
programs and development partners implemented water-
shed-based soil and water conservation measures. Pro-
ductive Safety Net Program (PSNP) is one of the govern-
ment-supported programs, involved in watershed-based
soil and water conservation activities. The PSNP was
initiated as social protection scheme in 2005 and supports
food security issues resulting from environmental degra-
dation and prolonged drought “”. In food insecure areas,

the PSNP has a public work scheme in which the benefi-
ciaries receive cash or grain for, e.g., construction of soil
and stone bunds ',

Soil bunds, the physical barriers with about 50 cm
deep and wide ditch, are constructed along contour to
reduce surface runoff and soil loss ">***’!. On sloping
cultivated lands, without soil bunds or sufficient vege-
tation cover, erosion could adversely affect soil quality.
Research reported that, in plots treated with soil bunds,
soil organic carbon and total nitrogen were greater than
in plots without bunds on Nitisol of northern Ethiopia .
Studies reported positive effect of soil bunds on reduc-
ing soil erosion !'*"**
effects of soil bunds on soil properties under different
topographic set up “****’1. Available literature on other
related cross-slope barrier techniques such as Fanya juu
reported insignificant differences in plant nutrients such
as nitrogen and potassium, e.g., in Anjeni watershed of
northern Ethiopia **. Alemayehu et al. ** reported great-
er soil organic carbon in plots treated with stone bunds
than without any physical measures. The erosion and sub-
sequent deposition in the intra-Fanya juu area as well as in
intra-terrace area reported spatial variation of soil organic
carbon and nutrients in Ethiopia " and Uganda ", Effects
of bunds may differ with climate, soil, and management
practices '”, and the effect of bunds on soil properties is
not well understood.

To combat soil erosion and associated soil degradation
effect on food security, physical soil and water conserva-
tion measures including soil bunds were introduced to the
Fanta watershed of the Omo-Gibe River basin, southwest
Ethiopia, by government-supported programs such as
PSNP. Thus, in this area, in the past 15 years, the PSNP
has been supporting soil and water conservation activi-
ties. The program covers construction costs to the rural
community and provides expert support. In addition to
the PSNP, conservation measures were also implemented
through state-initiated public campaigns since 2010 2.
Even though the soil and water conservation practice
has been promoted and implemented in a large area, its
effects on soil properties are not understood. This study
was aimed: (1) to evaluate the effect of soil bunds on soil
quality at steep (> 25%), middle (15%-25%) and lower
(3%-15%) slope areas of the cultivated landscape, and (2)
to assess relative locational difference in soil properties in
between two soil bunds of about 7-15 years old on Nitisol.

!, However, studies are rare on the

2. Methods and Materials
2.1 Description of the Study Area

The study was conducted in the Fanta watershed of the
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Omo-Gibe River basin, Southwest Ethiopia. The Fanta
watershed, located at 7°17°30”°-7°20°30”’N latitude and
37°17°10”-37°19°40”E longitude (Figure 1), drains to
Gibe I hydro-electric dam on Omo River. The Omo-Gibe
River basin is well recognized in East Africa due to the
cross-border Omo River and Mega dams. Fanta watershed
is one of the typical and important agriculture-dominating
landscapes in the basin and is characterized by a range of
elevation (1000 m-2860 m above sea level) and topogra-
phies (mountains, valleys, and plateaus). The mean annual
temperature and rainfall of the area are 15.1 °C-27.5 °C
and 1400 mm, respectively. Crop growing season in the
area is between March and September. Nitisols and Lepto-
sol are dominant soil types . Smallholder crop-livestock
farming is a major livelihood of the community. Annual
crops such as maize (Zea mays), teff (Eragrostis tef),
sorghum (Sorghum bicolor), and barley (Hordeum vul-
gare) are commonly cultivated, while the plots around the
homestead are covered with enset (Ensete ventricosum).
Enset is a perennial plant and important staple food in the
region "), Livestock production is an essential part of the
farming system as nearly seed bed preparations are done
with oxen-drawn plough. Agriculture has replaced most of
the forest and woodlands.

2.2 Soil Sampling and Analysis

To understand the effect of soil bunds, soil analyses
were conducted for fields with and without soil bunds.
Croplands with 7-15 years-old soil bunds (Figure 2) were
selected in the steep, middle, and lower slope areas of
cultivated Fanta watershed. In each slope area, near con-
served fields, fields without any physical soil and water
conservation measures were selected. Plots treated with
soil bunds and those lacking soil bunds had a similar histo-
ry of farm management, and soil group. The steep, middle,
and lower slope areas had slopes of > 25%, 15%-25%,
and 3%-15%, respectively. In each slope category, three
fields treated with soil bunds and other nearby three fields
with no physical conservation measures were selected. In
plots having soil bunds, soil samples were collected from
three relative locations in between two bunds. That is,
near soil bund at ~1 m downslope side of the bund, middle
point, and above soil bund at ~1 m. This was replicated
three times per field. The samples were collected from soil
depth of 0 cm-20 cm. A total of twenty-seven soil samples
(3 slope categories * 3 fields per slope category * 3 sam-
ples per field in between soil bunds) were collected from
croplands with soil bunds. In fields lacking soil bunds, a
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Figure 1. Location map of the Fanta watershed in Southwest Ethiopia.
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Figure 2. Soil bunds on cultivated lands of the Fanta watershed, Southwest Ethiopia.

Photo: Wondimu Bekele.

total of nine soil samples (3 slope categories * 3 fields per
slope category) were collected.

After sieving air dried soil samples with 2 mm steel
mesh, texture, soil organic carbon (SOC), total nitrogen
(N,), and exchangeable potassium (K.,
Soil texture was determined following the hydrometric
method **. The concentration of SOC was assessed follow-
ing the Walkley and Black method **, while total nitrogen
(N, was determined by wet-digestion, distillation, and
titration procedures of the Kjeldahl method as described
by Black et al. . The exchangeable potassium (K.,,) was
determined by a flame emission spectrophotometer .

) were analyzed.

2.3 Data Analysis

Data were analyzed using SPSS 20 computer soft-
ware (IBM Co., Armonk, NY, USA). The differences in
soil properties due to soil bunds compared with nearby
non-conserved plots using a t-test. Variations in soil prop-
erties between slope categories as well as differences be-
tween the three sections (below a bund, middle point, and
above a bund) within the soil bunds were assessed using
analysis of variance (one-way ANOVA) at p < 0.05. The
Least Significant Difference (LSD) was applied to evalu-
ate differences between means.

3. Results

3.1 Variation of Soil Properties in between Fields
with Soil Bunds and No Bunds

The texture analysis showed that fields without soil
bunds showed significantly (p<0.05) greater sand and silt
fractions and fewer fractions of clay than fields treated
with soil bunds (Table 1). In the steep, moderate and low-

er slope areas, SOC was significantly greater (p < 0.05)
in fields treated with soil bunds than no bund fields. The
variations in SOC between bunds and no bunds were
slight increased from steep slope to lower slope, where
the fields with soil bunds in steep, middle and lower slope
were greater by 25%, 39% and 42%, respectively, than
those without bunds. The significant difference in N, was
observed at steep slopes where fields with soil bunds had
significantly (p < 0.05) greater values than no bunds. The
K. Was significantly (p < 0.05) greater in fields treated
with soil bunds than without soil bunds at steep, middle
and lower slopes. The K., was 63%-129% greater in
fields with soil bunds than without, the highest difference at
steeper slopes.

3.2 Spatial Variation of Soil Properties within Soil
Bunds

In between two consecutive soil bunds, at steep slopes,
concentrations of clay, SOC, and K, were significantly
(p < 0.05) greater above a bund than middle and below a
bund, and the opposite trend was observed for sand (Table
2). This was true for mid and lower slope categories. The
significant differences in N, between above a bund, mid-
point and below a bund were observed only at the lower
slope category.

3.3 Effect of Slope and Bunds on Soil Properties

In fields with soil bunds and with no bunds, the frac-
tions of sand and clay were significantly (p < 0.05) varied
between steep and lower slopes. Sand fractions were
greater at steep slope whereas clay was greater at lower
slopes (Table 1). The differences were 50% and 14% of
sand in fields with soil bunds and with no bunds, respec-
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Table 1. Soil texture, soil organic carbon (SOC), total nitrogen (N,,,), and exchangeable potassium (K,,.,) at 0 cm-20 cm
depth soils of fields with and without soil bunds in steep, middle and lower slope positions of the Fanta Watershed (mean
+ standard deviation), southwest Ethiopia.

Slope position Soil bunds, n=9 Without soil bunds, n=3 p-value
Sand, %

Steep 36.4 +0.84a" 45.7 +3.052" 0.0
Middle 30.9 £ 1.69b" 42.3+0.57ab’ 0.0
Lower 243 +5.0¢" 40.0 £ 1.0 0.0
p-value 0.0 0.028

Clay, %

Steep 36.9 + 1.69a" 29.0 £ 0.00" 0.0
Middle 41.1+1.17a" 30.7 £ 1.53a" 0.0
Lower 55.8 +9.64b° 33.00 = 1.00b° 0.003
p-value 0.0 0.01

Silt, %

Steep 26.66 = 5.27a" 25.33 +3.06a" 0.233
Middle 28.1+£0.78a" 26.67 +0.58a" 0.016
Lower 19.9 + 5.12b" 27.0 £ 0.002" 0.043
p-value 0.0 0.55

Soil organic carbon, %

Steep 1.58 + 0.04a" 1.269 £0.0182" 0.0
Middle 1.77 £ 0.03b" 1.27 +0.02bc’ 0.0
Lower 1.97 £0.12¢" 1.39+0.041¢" 0.0
p-value 0.0 0.0 0.0
Total nitrogen , %

Steep 0.22 +0.05a" 0.14 +£0.03a" 0.01
Middle 0.29 + 0.04bc" 0.20 + 0.07ab" 0.18
Lower 0.31+0.05¢" 0.26 + 0.05b" 0.21
p-value 0.01 0.11

Kewen, Cmol (+)/kg

Steep 0.278 £0.018a" 0.118 +0.0549a" 0.0
Middle 0.327 +0.018a" 0.201 +0.0166bc” 0.002
Lower 0.429 + 0.059b" 0.231 +0.008¢" 0.0
p-value 0.0 0.04

Note: Mean and standard deviation followed by different small letters in the superscript indicate significant (p < 0.05) differences
between soil bunds and no bund (row comparison). Significant (»p < 0.05) variations between slope positions (column comparison)

were shown by different small letters.
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Table 2. Soil texture, concentration of soil organic carbon (SOC), total nitrogen (N,,), exchangeable potassium (K,,.,) in
upper, middle and lower sections in intra-soil bunds in the steep, middle and lower slope position in the Fanta watershed
of Omo-Gibe basin, Ethiopia (mean + standard deviation, n = 3).

Location in between soil bunds

Slope
i Parameters

posttion Upper section Middle section Lower section Total p-value
Sand, % 38.0+1.0a 37.0+0.0a 343 +1.53b 36.4+1.88 0.01
Silt, % 27.0 £0.0a 26.0 £ 0.0b 26.7+5.77a 26.6 £5.27 0.03
Clay, % 35.0+1.0a 37.0+0.0b 38.7+0.58¢ 36.9 +1.69 0.002

Steep slope

POSILION gy oy, 1.51+0.03a 1.56 4 0.02ab 1.67 4 0.03b 1.58+0.03 0.001
Niw %0 0.19+£0.03a 0.22 £0.05a 0.25+0.03a 0.22+0.04 0.239
Ko Cmol (+)kg ~ 0.26+0.01a 0.28 + 0.00b 0.29+£0.01b 0.28 +0.02 0.007
Sand, % 33+0.0a 30.3 +£0.56b 29.3+0.58¢ 30.9+£1.69 0.0
Silt, % 273 +577a 28.7+5.77b 28.3+£5.77ab 28.1+£7.83 0.07

Middle Clay, % 40.0 £ 0.0a 41.0£0.0a 423 +1.15b 41.1+£1.16 0.015

slope

position SOC, % 1.74 +0.01a 1.76 £0.01ab 1.81 £0.04b 1.77 £0.03 0.04
Niw %0 0.26 +£0.04a 0.28 £0.04a 0.32+£0.03a 0.29+0.04 0.29
K, Cmol (+)kg  0.31+0.01a 0.33+0.01b 0.35 = 0.00c 0.33 +0.02 0.0
Sand, % 283 +1.12a 25.7+1.12a 19.0 +£5.29b 24.3+5.00 0.03
Silt, % 25.7+2.08a 19.3+£1.12b 14.7 £ 3.06¢ 19.9+1.72 0.0

Lower Clay, % 46.0 +£2.65a 55.0 +£2.00b 66.3 £7.02¢ 55.78 £9.64 0.004

slope

position SOC, % 1.86 + 0.04a 1.95+0.01a 2.10£0.12b 1.97 £0.12 0.018
Ny % 0.27 +0.03a 0.31 +0.03ab 0.35 + 0.04b 0.31 % 0.05 0.069
K. Cmol (+)kg  0.37+0.01a 0.43 + 0.02b 0.49 = 0.04c 0.43 +0.06 0.006

Note: Mean and standard deviation followed by different small letters had significant difference (p<0.05) between sections in intra-

bund area.

tively. Also, clay differed by 34% and 12% in fields with
soil bunds and with no bunds, respectively. Unlike fields
without soil bunds, significant difference in silt fraction
between steep and lower slope was observed in fields with
soil bunds. The SOC and K., were significantly (p < 0.05)
greater at a lower slope than steep slopes, both at fields
with soil bunds and with no bunds. In soil bunds, the low-
er slopes showed 20% greater SOC and 37% greater K.,
than steep slope, which was 9% of SOC and 49% of K.
in fields without soil bunds. In fields with soil bunds, N,
was significantly (p < 0.05) greater at lower slope areas
than steep slopes, which was insignificant in fields with no
bunds.

4. Discussion
4.1 Effects of Soil Bunds on Soil Fertility

Soil bunds, constructed along contour by digging a
ditch and accumulating excavated soil at a down slope,
are cross-slope barriers against surface runoff and thus,
reduce soil loss. Studies reported soil bunds’ effect in re-
ducing erosion from 50%-90% ">'"***. The greater clay
concentration and less sand in fields with soil bunds than
no bunds in cultivated for more than seven years indicated
that soil erosion has removed small-sized particles. The
erosion-mitigating ability of the soil bunds has resulted
in a greater concentration of clay fractions in fields with
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soil bunds. Due to its greater size, sand fractions remain
behind while the finer materials are easily removed by
erosion "7, Studies by Bezabih et al. *” in Dedo district
of Southwest Ethiopia and Mengistu et al. ** in northern
Ethiopia reported that soils treated with soil bunds have
higher clay fractions compared to no bund plots. Greater
SOC in fields with physical SWC measures was reported
in Silluh valley of northern Ethiopia **. However, Wolka
et al. "> and Hailu et al. " reported insignificant var-
iation of soil sand and clay fractions in between fields
with and without soil bunds in Goromti and Bokole areas.
Differences in land management, length of intervention
period and severity of erosion would have affected.

On slopping cultivated land, soil erosion removes SOC
and thus, is a process of degrading soil quality “**". The
conservation measures are important to conserve SOC,
which is a major soil property in determining soil quality,
in cultivated sloping lands. In the Fanta watershed, the
greater SOC in fields with soil bunds than with no bunds
could be mainly due to the erosion controlling ability of
the soil bunds. The retention of clay in fields with soil
bunds could also imply the alongside retention of SOC, as
associations between clay and SOC have been document-
ed . Our study showed that soil bunds could retain soil
particles together with SOC in all slope categories (steep,
middle and lower), indicating the need for such SWC
practices in the different slope categories. The capacity of
soil bunds to retain surface runoff could positively influ-
ence soil moisture and thus, crop yield as reported in Zim-
babwe ) and Ethiopia ", which can partly enhance SOC
concentration. Also, in fields with soil bunds, conservation
of the dissolved SOC through surface runoff retention is
an additional advantage !"”. The greater SOC in fields with
soil bunds than with no bunds in the present study agreed
with findings in Kenya ** and Ethiopia "”. The role of
soil bunds in reducing soil erosion was also observed
from its greater N, and K., than in fields with no soil
bunds. However, Mengistu et al. * reported insignificant
differences in N, and K, between fields with and with-
out no conservation measures on different slope positions
in Anjeni watershed, northern Ethiopia, which could be
associated to severity of erosion and soil management ac-
tivities. On sloping and conventionally cultivated land, the
nutrient rich topsoil removal could affect cropland produc-
tivity. Thus, soil bunds are highly important to maintain
cropland fertility and thus, food security of smallholders.

4.2 Soil Properties in Plots between Two Bunds

In Fanta watershed, more than seven years old soil
bunds showed differences in soil properties between three
locations (above bund, middle, below bund) in between
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bunds due to topsoil transfer to downslope. Soil bunds, a
barrier against surface runoff, could accumulate soil above
the bund. That means, the downslope side of soil bunds
is a loser, while the upper slope side of next soil bund
gains sediment. Van Oost et al. "' reported that tillage
erosion could also transfer 70 kg m™'yr '-260 kg m 'yr ' of
soil when non-mechanized agriculture is practiced. That
means, both water erosion and tillage could transport top-
soil to downslope and deposit above the bund . Thus,
the sand fractions, due to their greater size, remain below
the bund, while more clay accumulates at lower section,
above soil bund. Our result agrees with the findings of Lin
et al. ), which reported greater clay fractions in lower
section in purple-soil area of China. A related study by
Siriri et al. ®' also reported greater clay at lower section
of terrace in Uganda. In our study area, the downslope
transfer of topsoil resulted in greater SOC, N,,, and K.,
at above soil bunds than below soil bunds. Studies on spa-
tial variation of soil properties in intra-soil bund areas are
rare. Wolka et al. * reported insignificant intra-bund soil
properties in two years old soil bunds in Bokole water-
shed of Ethiopia. Studies on the other cross-slope barrier
soil and water conservation measures such as Fanya juu
and stone bunds in Ethiopia *****), plant hedgerow in
Honduras and China “”*', and bench terrace in Uganda "
reported greater concentrations of SOC and nutrients at
above the conservation measure than below the barrier. In
the Fanta watershed, in the present study area, erosion be-
low the bund and deposition above the bund, which result-
ed in spatial variation of soil quality, could have resulted
in spatial variation of crop yield but not addressed in this
study. Adaptive soil fertility management techniques in
between bunds can improve soil quality below the bunds.

4.3 Effect of Slope Gradient on Soil Properties in
Treated and Non-Treated Fields

In fields with soil bunds and no bunds, the steep slope
showed greater sand and less clay than lower slope (Table
1), perhaps due to long time erosion and deposition. That
means, the fine particles including clay are removed from
upper slope position and deposited in lower slope area,
while the large sized sand could remain behind. After
physical soil and water conservation measures, less ero-
sion is expected than in fields with soil bunds """ than
fields with no soil bunds. This implies a greater transfer of
soil from steep slope to the lower slope in fields with no
soil bunds, particularly on cereal dominating agricultural
landscapes. Since soil erosion and sediment yields are a
function of slope ", steep slopes could have more ero-
sion and thus, greater deposition at a lower slope.

Due to deposition of SOC and nutrient rich topsoil at
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lower slopes, greater SOC, N, and K, were observed at
lower slopes than steep slopes. Our result supports Amare
et al. ®* and Bezabih et al. *”, which reported greater
SOC and nutrients at the slope position than steeper slope
position in Anjeni watershed of northern Ethiopia and
Dedo district of southwest Ethiopia. Hailu et al. ** also
reported the association of SOC with land slope positions
where fertile soil deposits at lower slope positions. Due
to surface runoff, the greater soil moisture at lower slopes
could enhance plant growth and biomass production,
which in turn can increase SOC. Insignificant variation
in N, was observed along slope gradient, particularly in
fields without soil bunds due to overall low soil N,,,. Im-
plementing sufficient conservation measures is important
to sustain soil quality of cultivated sloping land.

5. Conclusions

Soil and water conservation measures are practiced
for controlling adverse effects of severe soil erosion on
sloping cultivated lands. Soil bunds have been widely im-
plemented to protect against erosion and soil degradation
of sloping cultivated lands. Our study on more than seven
years old soil bunds revealed that fields with soil bunds
showed significantly greater clay fractions than fields with
no soil bunds. The greater SOC and nutrients in fields
with soil bunds revealed comparatively better soil fertility
than in bunds than non-treated fields. The increase in clay,
SOC, N,,,, and K., concentrations with decreasing slope
gradients in fields with soil bunds and with no soil bunds
showed long-term erosion from steeper slopes and deposi-
tion at foot slope fields. In intra-soil bund area, above soil
bunds were more fertile than below soil bunds. Our study
revealed that soil bunds are important cross-slope barriers
which could support sustaining soil quality against ero-
sion as differences in soil properties between fields with
soil bunds and no bunds were revealed. In between bunds,
soil fertility is better just above the bund. We suggest
implementation of soil bunds in the study area and other
areas with similar agro-ecology and soil type. The spatial
variation of soil quality in between bunds could be com-
pensated by applying selective soil fertility management
techniques below the bunds to enhance nutrient concen-
trations and crop yield.
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1. Background

About 23 years ago, by order of the Ministry of Natural
Resources of Russia, daily space monitoring of the Bai-
kal natural territory began with the help of the UniScan
receiving station and the EOStation software complex,
which operate in Moscow (ScanEx RDC) and Irkutsk
(Baikal Center LLC). With the help of these satellite data,
unique ring formations with a diameter of 7-8 km were
discovered, which are formed on the snow-covered ice
field of Lake Baikal (Figure 1). Rings appear one or two
at a time, but not every year. Undoubtedly, the formation
of rings is not a new phenomenon, and it has occurred in
previous years. But without satellite monitoring, it was
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On the cosmic picture of the ice surface lake Baikal discovered a dark ring
a diameter of 7-8 km. The author shall give a physical interpretation of
the given phenomenon, having expected that shaping rings are connected
with a surge of the warm natural gas from sedimentary a thick mass of the
bottom of the Baikal. Convection is formed in thick mass of water in the
manner of torah around surge of the natural gas, which carries become
warm water before surface (the lower edge ice) side from pole of the natu-
ral gas. The mechanism heatconductivity heat gets to the upper edge of the
ice, where snow and ice begin intensive to melt. As a result thawed patch is
formed on snow-clad ice in the manner of a ring.

impossible to detect them. Although the rings are of con-
siderable size, it is almost impossible to see them from the
ice and even from the mountain ranges surrounding the
basin of the lake.

Rings on Lake Baikal became famous in April 2009,
when they became widely discussed on the internet. The
author first observed them on a computer monitor on April
4, 2009, when pictures of the rings were posted on the
internet "', I immediately proposed a physical mechanism
for the formation of rings, and established a system of
equations describing convection. Even earlier, the pres-
ence of rings was established by employees of the Limno-
logical Institute, in particular Nikolai Granin. He suggest-
ed that the rings may arise due to the rise of deep waters,
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which are caused by eruptions of mud volcanoes. At the
same time, in the central part of the future ring structure,
the temperature rises (on average by half a degree com-
pared to other parts of the lake), and the so-called anticy-
clonic current (circular flow directed counterclockwise) is
formed. The current enhances vertical water exchange, as
a result of which the ice cover is destroyed more strongly
over the zones of maximum flow velocities ™. The dark
circles visible in the images are areas with minimal ice
thickness. With an average thickness of the ice cover at
the southern end of Lake Baikal of 70 centimeters within
a radius of two kilometers from the center of the rings, it
does not exceed 43 centimeters. Thin ice is more saturated
with water than the average for the lake, and this contrast
is clearly observed from space. Our consideration clarifies
the picture proposed by Nikolai Granin - we abandon the
anticyclonic flow as the cause of the formation of rings,
and instead of mud volcanoes we consider emissions of
natural gas. The latter is due to the fact that after the sink-
ing of the underwater vehicle “Paisis” (http://nabaimar.ru/
baikal/) in 1977 and 1991, the locations of mud volcanoes
became known, the coordinates of which do not coincide
with the coordinates of the rings in question.

Figure 1. Circular rings 1 (near the Svyatoy Nos Penin-
sula) and 2 (near the southern tip of Lake Baikal) on Lake
Baikal. Picture from 4.04.20009.

In 2008-2010, MIR underwater vehicles sank to the
bottom of Lake Baikal **". Studies conducted by scien-
tists were widely covered by the media and the internet.
In particular, one of the moments of the descent of one of
the devices was shown on television. At the same time,
footage of natural gas emissions from the bottom of the
lake literally flashed in the form of a clearly visible jet
of bubbles against the background of the water column.
These shots were shown at night local time, so the author,
unfortunately, did not have time to photograph them. But
natural gas emissions and their demonstration in a televi-
sion report undoubtedly took place.

2. Physical Interpretation of Ring Formation

Lake Baikal is geologically a graben lake, a section
of the earth’s crust bounded by steeply inclined gaps,
confined to the rift zone (the Rift is a large linear tectonic
structure of the earth’s crust, hundreds to thousands of
km long). Rifts are characterized by increased heat flow
and seismic activity, and direct rift depressions are char-
acterized by a powerful thickness of sedimentary rocks,
several kilometers away, where a lot of organic matter
accumulates. Increased thermal field and temperature gra-
dient cause intense gas formation . The release of natural
gas, in particular methane, from the bottom of the lake in
summer is observed due to bubbles rising to the water’s
surface and in winter the formation of “proparin” (ice-free
surface of the water) with a size of 0.5 m - 100 m across.
In addition to such relatively small proparins, space im-
ages of Lake Baikal revealed dark rings of an abnormal-
ly large size - with a diameter of 7-8 km (Figure 1) .
In April 2009, the rings were discovered west of Cape
Lower Headboard of the Svyatoy Nos peninsula (Figure
1, circumference 1) and at the southern tip of Lake Bai-
kal (Figure 1, circumference 2). In Figure 2 and Figure 3
rings are “tied” to the bathymetric map Baikal, where the
geographical coordinates of the centers of the rings are
also indicated (Bathymetric maps are geographical maps
that display the underwater relief using isobaths, supple-
mented by depth marks). The fact that in the process of
formation of rings the determining role is played by heat
fluxes can be seen in Figure 4, where it is shown how as
a result of heating is disturbed the strength of the ice, and
it is crushed into ice blocks of different sizes. I associated
the formation of rings on the surface of the ice with the
giant convection of the entire water column around the
release of natural gas. In the middle part of the rings, the
temperature of the subglacial water is higher, according to
the observations of Nikolai Granin on the rest of the wa-
ter. This leads to the melting of snow and the ice itself.

Tkm 2km 3km 4km 5km Gkm 7km

Figure 2. A section of the ring 1 in latitude on the bathy-
metric map near the Peninsula of the Holy Nose. 1 and 5
are the outer edge of the ring, 2 and 4 are the inner edge
of the ring, and 3 are the center of the ring. At the top are
the geographical coordinates of the center of the ring.
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Figure 3. A section of ring 2 in longitude on a bathymet-
ric map near the southern tip of Lake Baikal. The numbers
indicate: 1 and 5 - the outer edge of the ring, 2 and 4 - the
inner edge of the ring, 3 - the center of the ring. At the top
are the geographical coordinates of the center of the ring.

P

Figure 4. The destruction of the ice field was a result

of the warming of the ice near the southern end of Lake
Baikal. Photo from the International Space Station “MCS”
from 25.04.2009.

The water of Lake Baikal is characterized by the fact that
in the spring the temperature throughout the depth practically
does not change and is usually 7', =3.2-3.4 °C . Only near
the surface, from a depth of 150-200 m, the temperature
gradually decreases to almost 0 °C afloat. The resulting
temperature gradient is so insignificant that water convec-
tion does not occur (we are distracted from the internal
currents of the water column that are not associated with
temperature convection). Already here it can be seen that
the problem under consideration is significantly different
from the well-known Convection of Benard - Rayleigh.
However, the outflow of natural gas from the sedimentary
layer of the bottom disrupts the mechanical balance of
water. The water column comes into a convective current,
which, due to symmetry, takes a shape close to the torus,
as shown in Figure 5. Contacting the lower point with
warmer natural gas, as a result of the rotation of the water
column, heat is carried to the upper point. The following
system of equations makes it possible to prove that the
temperature distribution on the surface of water in the
middle part of the rings has a maximum. This picture is
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indicated by a completely similar phenomenon accompa-
nying the explosion of a hydrogen bomb, as in Figure 6.
The difference only that the convection we are considering
arises from the laminar rise of natural gas, and the con-
vection associated with the explosion of a hydrogen bomb
arises from the rise of the turbulent flow of combustible
products. (As far as the author knows, foreign researchers
call the model in question - the model of the explosion
of an atomic bomb). However, in both cases, convection
takes the form of a torus. A well-known example of the
rotation of smoke rings can be given.

3
z

Figure 5. A high-quality picture of the surfacing of a
warm jet of natural gas and the convective flow of water
around the jet in the form of an oblate torus. A shaded
square at the bottom of the upward jet indicates the size of
the source.

Figure 6. Hydrogen bomb explosion (top view).

3. Convective Flow Equation System

Let us proceed to a theoretical description of the con-
vective flow. Such a description is possible only if we
consider the equations of hydrodynamics (navier-Stokes
equation and continuity equation) and the thermal con-
ductivity equation together. We’ll start with the thermal
conductivity equation, which looks like this:

Z—f+(l7-V)T=;(V2T, )

Coefficient ¥ is called the thermal diffusivity coeffi-
cient. Its presence in Equation (1) means that the thermal
properties of water are described by only one parameter.
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The convection we are considering is a stationary pro-
cess in which all quantities do not clearly depend on time.
For such quantities, the partial derivative in time turns
to zero. In the absence of an external heat source, the
water mass has a stationary temperature distribution 75,
depending on the location only. Convection occurs due
to the fact that an extraneous source of heat is introduced
into the liquid. As a result of a stationary temperature dis-
tribution 7, a small addition of temperature is applied 7. It
follows that in order to describe convection by Equation
(1), the value of 7 must be replaced by the sum 7+7.
Then Equation (1) will take the following form:

(I7~V)TO+(I7-V) T=xV' T +xV’T. )

Convective flow as a mechanical movement occurs
at a slow speed. Therefore, speed V in Equation (2) is a
first-order quantity of smallness, as is the small addition
of temperature 7. Separating quantities of different orders
of smallness and neglecting the second-order term, we ob-
tain the following equations:

VT, =0. 3

Vv)r,=zver. @

Equation (3) for our problem of theoretical description
of convection can be immediately solved. For the equilib-
rium state of water in the Earth’s gravitational field, the
temperature 7, may depend only on the depth of z, where
the z-axis is directed from the bottom to the water surface
(Figure 7). Then Equation (3) has two solutions. One of
them corresponds to the constant value of the equilibrium
temperature: 7,= const. The second solution will be a lin-
ear dependence on depth:

TO:c—Az’ )

where ¢ and A4 are constant integrations defined by the
condition of the problem. For of the Baikal water column,
both cases are realized. Of the Baikal water column, both
cases are realized. First, from the bottom of the lake to
some depth with an elevation of 150-200 m from the sur-
face of the water, the equilibrium water temperature is
constant and is 3.2-3.4 °C.

botton

Figure 7. The depth of Lake H, the z-axis is directed from
the bottom of the lake to the water’s surface.

0%

botton

Figure 8. Equilibrium temperature profile of the water
mass in the spring on Lake Baikal.

Then the temperature is linearly compared with the
temperature of the surface layer of water corresponding
to the season. In the month of April, when it is possible
to observe rings on Lake Baikal, the temperature of Cel-
sius on the surface is zero (Figure 8). We can see that in
the spring the equilibrium temperature decreases evenly,
which is why in solution (5) there is a minus sign before
the constant 4. If we assume that the depth is 1 km, and
up to the mark of 800 m from the bottom, the tempera-
ture is constant and equal to 3.4 °C, then the solution of
Equation (3) can be written as follows:

34, z=0-800

T.(°C)= _
(%) 17—23(':) z, z=800—1000

Let us now turn to the Navier-Stokes equation:

oV [ )\ = S
—+(V~V)V:—E+VVZV+g, ©6)
ot Yo

supplemented by the continuity equation:

V-V =0. ™)
where v is viscosity coefficient, g is the acceleration of
free fall, P is the pressure, # is density of water.

Velocity V' is a small velocity of convective water flow,

SO (I7V) V as a second-order term of the small can be

omitted. In addition, we consider the stationary course. In
this case, Equation (6) takes the following form:

0= viv.g. )
)

In the absence of an external heat source, the density
of water has a constant and equilibrium value p,. With
slight heating, the volume of water increases, respectively,
the density decreases. In the first order of approximation
of the small addition of temperature 7, which is a conse-
quence of the appearance of an external heat source, the
addition to the density will be proportional to this tem-
perature 7. Thus, the density becomes equal to:

pP=p,—Bp T, 9)
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Here is the multiplier B is called the coefficient of
thermal expansion. In the range from 0 °C to 3.4 °C it can
be considered permanent.

In the pressure, let’s highlight the atmospheric pres-

sure P, on the surface of the water, hydrostatic pressure

—P , 8 Z a column of water, and a small additive P asso-

ciated with the convective flow. Thus, in Equation (8), the
value P is replaced by the following expression:

PA+p0g(H—z)+P’ (10)

where H is the depth of the lake. Substituting Equations (9)
and (10) into Equation (8), in the first order of approxima-
tion by P, V and T we get:

0=—E+/3§T+VV ‘Y

0

)

To eliminate the pressure P, let’s use Equation (11) on
the left with two rotor operators Vx(Vx...). Using the
rules of vector analysis, and taking into account the conti-
nuity Equation (7), the result is:

v(v?) V= pv(evr)-pgviT. (12)

We obtained Equations (3), (4), (7) and (12), which,
supplemented by boundary conditions, completely deter-
mine the spatial distribution of temperature 7 and velocity

y convective flow (describe the known “mushroom”
formed during an atomic explosion).

4. Surfacing Natural Gas Jets

Convection in the form of a violation of mechanical
equilibrium occurs when an external heat source appears.
For Rayleigh-Bénard convection, the source of heat is a
heated bottom. For the convection we are considering,
the source of heat is a jet of heated natural gas introduced
into the water column. Its mass element Am carries the
element of heat AQ =Am C, T, . In here C, is specific heat
of the jet at constant pressure, 7, is temperature measured
from the equilibrium temperature of the surrounding wa-
ter column. Let o, be density of natural gas, and 2, < p,,
so that the jet floats in the form of a pillar with a round
cross-section. If 7 is the cross-sectional radius of the jet,
Az, is the jet height element, then the mass element will be

Am=p 7 Ar’ Az

5.

During the time Ar natural gas floats to a height

Az, =V At “wwhere V, is the speed of the jet surfacing.
Combining all the expressions, we get that in a unit of

time a column of natural gas carries heat:

20 _p T (13)

At
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Jet surfacing is a regular and stationary process. Ignor-
ing also the dissipation of heat, we come to the position
that the expression (13) is a constant value. Thus,

2
rr Vs T = const ,

(14)

Consider the rise of a jet of natural gas in a viscous
continuous column of water. Its surfacing is a stationary
laminar current. The equation of motion of the jet is de-
rived from the equations of hydrodynamics in a similar
way to convective motion and leads to Equation (12), but
only with the non-zero left side, and the values provided
with the index s:

(Pov) Vo=V p g Tan VT (15)

s

All the terms of Equation (15) are of the same order, so

v LY
z, B gT, erz'

Solving these equations together with Equation (14),
we find that the jet emerges in the form of a figure of rota-
tion with the z-axis, moreover (Zeldovich relations ')

1
Iy~ \Jz,» V. =consts T ~ -
s s z

K

(16)

Expression (16) will be boundary conditions for the
problem of determining the spatial distribution of the tem-
perature of the water column, especially interesting for us
the distribution of temperature at the surface. Let’s rewrite
the last ratio in Equation (16) as follows:

T(w[x2+y2 :r,z:H)Nl,

z

a7).

This ratio describes the distribution of temperature in
the convective flow at the point of contact with the jet.
A laminar jet emerges from the sedimentary stratum of
the bottom from a hole of some finite size, the minimum
size of which can be found from the expression (14) and
conditions A5 ¥ =max Ul Regularity 7, ~ \/Z , it is con-
venient to specify and write in the following form:

r.=,Dz . (18)

Below we define its numerical value for the value of D.

5. Spatial Temperature Distribution

The above system of Equations (3), (4), (7) and
Equation (12), describing convection, has not yet received
proper mathematical research. But they can be solved in
one approximate case. Namely, near the water’s surface,
we can assume that the convective flow of water is al-
most parallel to the water’s surface. This means that when
2 = g speed component ¥, in the plane x y will have a lot
more vertical components V.. Let’s project Equation (12)
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onto a plane x y:
orT
v ) r=pe v (19)

o 8’
+ .
ox’ 6y2

where V, is determined by the ratio V' =

Near ; = g speed V; can depend only on the radial in the
plane x y of the coordinate ». Then the expression on the
left in Equation (19) is a function only of 7. In order for
Equation (19) and the expression on the right to depend
only on 7, the temperature 7 must be a linear function of z.
Thus,

T(r,z)=u(r)+v(r) z. (20)

Since the temperature 7(r,z) counted from the value
T, which with ,— g is zero, then and T(r,z=H)=0.
From here it can be seen that the functions u(r) and v(r)
have different signs. In addition, at the point of contact
of the convective flow with the natural gas jet, when
r=4\D 2z the boundary condition Equation (17) must be
met. This can be achieved if 7(r,z) select the following
form ™

h
T(r2)=a b T, [rlz—b Zj, @1

=
Indeed, substituting 7 =D Z | get

a H* T
T(V‘):T(V,Z):Tm(l—b%Jé,

in agreement with Equation (17). Permanent a, b and 7,
to be determined below.

When writing the solution in the form of Equation (21),
we actually followed the general method, when solutions
of a system of equations like Equation (7) and Equation
(12) are searched in such a way as to satisfy the boundary
conditions of the problem. The solution Equation (19) has
a remarkable feature — dependence 7'(r,z = H) has max. It
follows that at a point max,

R,=+2b H, (22)
and, in addition,
a=4b, (23)

So, for the ring in Figure 2 R,=2.78 km and H=1.46
km, from where b=1.81 and a=7.25. To establish the
meaning of a quantity D in the formula (18), suppose that
at the point of contact of water with the jet, the tempera-
ture 7,=0 °C (ice and snow do not melt on it). At a point
maximum temperature 7,,=4 °C (the ice is not melting
yet, and the snow has already melted). Then, substituting

r=,/D z in Equation (21), for D we obtain a quadratic
equation whose smallest solution will be:

D, =4 km. (24)

We see that the dimensionless quantities @ and b have
values of the order of one. This circumstance once again
justifies the choice of a solution in the form Equation (21).
Here are the following values related to the ring in Figure 3:

R,=2.76 km and H=1.05 km, h=3.45, a=13.8 and
D=5.17 km.

They differ significantly from similar values for the
values of ring No 1 (Figure 2). This difference seems to be
related both to the approximation used in solving Equation
(12) and to the difference in bottom relief for both rings.

To obtain other approximate solutions near the mid-
dle of the ring, it is necessary to involve the entire set
of boundary conditions. However, information on the
physical characteristics of the natural gas jet is not yet
available. Therefore, scant experimental data (in fact, only
space images and a bathymetric map were used) do not
yet allow for a more detailed analysis of the phenomenon
of the formation of giant rings on ice.

6. Convective Instability

Consider the question of the criterion for the occur-
rence of instability of the water column in the form of a
torus around the release of natural gas from the bottom of
Lake Baikal. For the Rayleigh-Bénard convection, a sim-
ilar question is set out in the book Theory of Elasticity .
Let’s look for the perturbation of velocity and temperature
described by Equations (3), (4), (7) and Equation (12) in
exponential form:

exp(i 75;) = exp(i kpr+ik, z)_ (25)

On the right in the exponent we write i k, r, because
we are considering a cylindrically symmetrical case. The
appearance of instability will mean the emergence of the
root of the equations,

Im k, (Re)=0, Im k. (Re)=0. (26)

Im means taking an imaginary part. The number of
Rayleigh Re will be determined below.

Taking into account Equation (25), this system of equa-
tions takes the following form:

d’T,

PP =0, (27.a)
dTo _ 2 2

-V. =xky T+y kT, (27.b)
dz

Py Ve+ik V. =0, (27.0)

4 (kkz +k22)2 Ve=-Pgkp k. T. (27.d)

Here it is advisable to move on to one equation. For
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example, excluding speed components ¥, and V., we get
the equation for temperature 7:

[(k,f k) —Re k,j] T=0. 28)

And here the number of Rayleigh Re is a dimensional
quantity. If the wave number & is measured in units of
some length AH, then the Number of Relays will be di-
mensionless:

_BgAH' (-dT,/dz)
= vy .
It was noted above that at a significant part of the

Re 29)

depth the temperature 7, =const, This means turning
the Rayleigh number to zero and no convection. Since
convection undoubtedly takes place, a component must
be added to the right side, arising from the fact that the
water column is not in contact with a solid surface, but
with a heated liquid stream of natural gas. In an area
where the temperature is linearly dependent on the depth,

we have —d Ty/d z= A Suybstituting in Equation (28)
k' ==d’/dz" get:

&’ '
(F—kRZ\J +Re kR2 T=O
z

This equation formally coincides with the correspond-
ing equation in the book Theory of Elasticity . There-
fore, you can immediately write the critical values for the
Rayleigh number and the radial component of the wave
number:

(30)

Re, =1708 , k. =3.12/AH €2))

or

3
10,0 42 pel@,9 7 ¢
ror or ° ror oOr

As far as is known, no such equation has been analyses.

10 0
Replacing in Equation (28) ke = _r[rJ , get:

(32

Such an analysis should give the same value for Re_, that
both the given in Equation (31) and the numerical value for
k. .. However, the value for k.. can be found without actu-
ally solving Equation (32). Indeed, by substituting Equation
(32) with Equation (28), you can immediately find:
k,.,=3.97/AH . (33)
Further, since it is obvious that,
kRL' ~ l/Rm’ kZ" ~ I/Hr

then from the ratios (31) and (33), after exclusion AH,
followed by Equation (22), which, by this, gets another
justification. Due to different boundary conditions for our
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problem, and for the Rayleigh-Bénard convection, the
numerical values in formulas (31) and (33) will generally
be different. However, the conclusion about the linear
relationship (22) between the radius of the rings and the
depth of the lake will remain.

7. Conclusions

It was established that the formation of rings on the ice
surface of Lake Baikal is associated with giant convection
of the water column due to the release of warm natural gas
from the sedimentary bottom of Lake Baikal. Natural gas,
rising to the surface, cools, but manages to warm up the
surrounding cold water. As a result, convection forms in
the water column in the form of a torus around the release
of natural gas, which carries warm water to the surface
(lower edge of the ice) away from the column of natural
gas. By the mechanism of thermal conductivity, the heat
reaches the upper edge of the ice, where ice and snow be-
gin to melt intensively. As a result, a protalin in the form
of a ring is formed on snow-covered ice. Convection in
the form of a torus is described by joint solutions of the
equations of hydrodynamics and the equation of thermal
conductivity. From these equations, a system of equations
describing convection in the form of a torus is obtained.
By the mechanism of thermal conductivity, the heat reach-
es the upper edge of the ice, where ice and snow begin
to melt intensively. As a result, a protalin in the form
of a ring is formed on snow-covered ice. Convection in
the form of a torus is described by joint solutions of the
equations of hydrodynamics and the equation of thermal
conductivity. From these equations, a system of equations
describing convection in the form of a torus is obtained.
An approximate solution for the spatial distribution of
temperature near the water surface is given. The latter is
due to the fact that our system of equations has not yet
received proper mathematical research. Indeed, let us re-
call that about 15 years have passed since the discovery
of the Bénard cells and their mathematical description by
Rayleigh. The question of convective instability is consid-
ered. In solving this question, it was established that the
radius of the rings is linearly related to the depth of the
lake.
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