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ABSTRACT 

The raised levels of carbon dioxide (CO2) in the earthôs atmosphere have contributed to global 

climate change, which has adversely affected a wide range of individuals, communities, and 

organizations. One of the ways to mitigate climate change is to grow a huge amount of kelp 

forests that can absorb carbon dioxide from the atmosphere and sequester it in the deep ocean. 

To grow these forests, the right biogeochemical conditions (temperature, nutrients, oxygen, 

salinity, pH, trace metals and ions) within the ocean is vital to assess the sequestration potential 

and the impacts on the ocean health. This study aimed at monitoring the biogeochemical 

changes at the proposed Kelp Blue farm and surrounding areas further away from the farm. 

This study also aims to create a baseline of the chemical composition of the farm and L¿deritz 

areas, which has not been done before. Using the results obtained from the study, the potential 

of the cultivated giant kelp to sequester CO2 will be evaluated. This study measured the 

geochemical parameters using both in-situ probes and laboratory analyses at 10 different 

locations in L¿deritz (both offshore and coastal): offshore (within the Kelp Blue Pilot project 

farm, upstream of the farm in the Dumfudgeon rocks, downstream of the farm at Boot Bay and 

further south of L¿deritz at the Halifax island)  and the coastal areas which are adjacent to the 

offshore study areas including at coastal site of Guano Bay which is about 17 km and the coastal 

area of Grossebucht which is about 20 km south the town of L¿deritz as  another control site. 

This study also collected sediment samples at these offshore sites including further north of 

Walvis Bay at the different latitudinal transects. The sediments were analysed for trace metals 

by using a portable XRF and for carbon content by LOI (Loss on Ignition) method. Another 

geochemical analysis done was the titrimetric method to CO2 determination of seawater by 

using NaOH as a titrant the end points were determined. The concentrations of nutrients 

(phosphates and nitrites) in seawater samples were determined by adding them to a 10 mL 

cuvette, which had been zeroed first. A specific nutrient reagent was then introduced, and using 
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prescribed sample preparation techniques, a spectrophotometer was employed to measure the 

concentrations of the nutrients in Õg/L and mg/L. The geochemical parameters changed in 

relation to the seasonality and geographical positioning. In a season when the upwelling system 

was strong, the concentration of nutrients, acidity and the value of the pH, salinity, other 

geochemical parameters increased more, compared to other seasons and the further southern 

sampling sites resembled to that of the Southern Benguela Upwelling System (SBUS). Higher 

concentrations of phosphates (614 Õg/L) were found in areas close to the islands. This is due 

to the presence of guanos. These remarkable long duration geochemical measuring results 

shows that the cultivated kelp can co-exist with other natural existing kelp beds in this 

ecosystem, and they can thrive more predominantly in season of great influx of nutrients during 

the season of strong winds. With a dynamic Benguela upwelling eastern boundary, these kelp 

forests have an enormous potential to grow more and will function as carbon absorber and 

eventually sequester more carbon when cultivated at larger scale. To quantify the carbon 

sequestration potential of these giant kelps, there are other areas to be investigated such as 

developing a sediment carbon baseline using isotopic analyses, lipid biomarkers, identifying 

sediment hotspots where the kelp will be deposited, developing a carbon dioxide removal 

model and geochemical dispersion models. All these other areas will be developed from the 

baseline being developed by this study. This study recommends that a continuous and rigorous 

monitoring of the water and sediment geochemical changes be done as the kelp forest grows 

and as the scale of operation expands.  
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CHAPTER ONE: INTRODUCTION 

The raised levels of Carbon dioxide (CO2) in the earthôs atmosphere have contributed to global 

climate change (Duarte et al., 2013), which has adversely affected a wide range of the 

individuals, communities, and ecosystems. As such, many world leaders have called for 

significant changes to the emission of greenhouse gases, especially CO2 (Krause-Jensen et al., 

2018). A wide range of mitigation strategies have been suggested globally and many leading 

nations have made a tremendous improvement towards mitigating the emission of CO2. One 

of the mitigation options to combat climate change is by growing and restoring huge amount 

of kelp forests that can absorb carbon dioxide from the atmosphere and sequester it in the deep 

ocean and deep sediments (Duarte et al., 2017, 2021; Sondak et al., 2017; Thompson et al., 

2017). 

Ocean absorbs the atmospheric CO2 and in the presence of seawater it forms carbonic acid 

which dissociates into bicarbonate ions and further into carbonate ions. As this happens, the 

pH (Potential Hydrogen) reduces thus increasing the seawater alkalinity (Thompson et al., 

2017). The increase or decrease in pH affects other biogeochemical parameters like salinity, 

oxygen concentrations, Electrical Conductivity (EC), nutrients concentration, total dissolved 

solids (TDS), and the ions (major and minor).   

Equation 1 

ὅὕ Ὄὕ ᴼὌὅὕ  O Ὄ  Ὄὅὕ ᴼὌ  ὅὕ     

Equation 1 describes the dissociation reactions of the interaction between the ocean and the 

atmosphere, where one of the atmospheric gases (CO2) dissociates in the ocean. 

The ocean covers more than 70% of the earthôs surface and holds approximately 97% of all the 

waters in the entire continent sum together. Due to this vastness of the ocean, it plays major 

role as a frontline mitigator of climate change. The ocean plays a major role as a reservoir for 
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carbon storage (Duarte et al., 2013; Field et al., 1998; Smale et al., 2020) where photosynthetic 

organism uses  carbon for photosynthesis to bring about an equilibrium balance (Yoshiyama et 

al., 2009). Some of the vast distributed photosynthetic organisms are kelp forests, which 

provide important ecosystem services, such as  habitat and food for a wide variety of marine 

animals, protecting coastlines from erosion, and helping to regulate the Earth's climate by 

absorbing carbon dioxide through photosynthesis (Chung et al., 2011).  

Kelp Blue is a Dutch based start-up company that is on a mission to build artificial marine kelp 

forests around the globe   to restore the health of the oceans and lock away vast amounts of 

CO2. Kelp Blue is currently carrying out its first ever pilot project plan in Namibia off the coast 

of L¿deritz in the worldôs most productive and consistent ocean upwelling system (the 

Benguela Current) which is situated in the South Atlantic Ocean (Figure 1.1). 

 

Figure 1.1 shows Map of the Benguela Current region bordering Namibia and South Africa, 

showing the 500-m depth contour (dashed line) and the approximate locations of the Angola 

Current, the Angola/Benguela (AB) Front, the L¿deritz upwelling cell (which separates the 

northern and southern Benguela subsystems), and the Agulhas Current (Pulfrich et al., 2020; 

Roux et al., 2013). 
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To develop a geochemical baseline for the Southern Atlantic Ocean, scientists would need to 

collect and analyse many samples from various locations in the region, considering the factors 

that influence the ocean's chemistry. The data collected will be compared to samples from 

nearby, undisturbed areas to determine the natural variability of the ocean's chemistry and 

identify any changes that may have occurred because of human activities in this case the 

cultivation of the kelp forest farm.  

1.2 Statement of the problem 

There is currently no available published or researched data on water geochemistry of the kelp 

forest farm within areas of L¿deritz  (Pulfrich et al., 2020). If the kelp farm triggers calcification 

and changes in pH; major ions and other geochemical parameters are expected to occur. 

To quantify the impact kelp forests can bring in capturing carbon, a baseline needs to be 

established prior to growing these forests. The study will develop a reference point that will 

show the geochemical parameters of the ocean within the areas of study which will then be 

benchmarked to evaluate how the Kelp Blue kelp forests have affected what was in the baseline 

and assess those impacts to carbon sequestration potential. 

1.3. AIM 

To develop a comprehensive geochemical baseline for the giant kelp at the Kelp Blue farm and 

to assess its potential to sequester carbon dioxide. 

1.4. Objectives of the study 

The research aimed to accomplish the following objectives: 

¶ To monitor the changes in the ocean geochemistry around the kelp forest farm (Pilot) 

¶ To compare the geochemical parameters of the Pilot from the other sites.  

¶ To develop a biogeochemical baseline.  
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¶ To assess the carbon dioxide (CO2) sequestration potential of the farm. 

1.5. Hypothesis of the study 

Is there a significant difference in the water geochemistry at the pilot, adjacent sites and control 

site compared to the seasonality? The presence of the artificial kelp forest will bring changes 

in the ocean geochemistry.    

1.6. Significance of the study 

This study will fill the knowledge gap in ocean chemistry and develop a geochemical baseline 

that is open to the public and academia. There is currently a development of a biogeochemical 

model that will show the carbon pathways within the kelp farm and this research will aid to 

bring this model to completion. The study will also create a positive environmental impact by 

enhancing ocean sensitivity and propose the benefit of drawing down a sizeable amount of CO2 

through solutions (Blue Economy). 

1.7. Limitation of the study 

The changes in the weather windows (including atmospheric temperature, wave patterns, 

swells, and the wind intensities) determined the timeline for data collection. 

1.8. Delimitation of the study 

There was a large amount of data collected which could create opportunities for follow-on 

studies to be conducted and using more statistical models will condense the data into a 

meaningful way. This study will only focus on water geochemistry due to the span of the study 

timeline. 
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CHAPTER TWO: LITERATURE REVIEW 

2.1. Macrocystis Pyrifera (Giant Kelp) 

Kelps are members of a group of brown seaweeds which includes the largest of the seaweeds, 

many of which form large kelp forests in shallow water (mostly <20 m depth) on rocky 

seashores around the world. In the Benguela upwelling system  (BUS) on the west coast of 

Namibia and South Africa there are four species of kelp present: Ecklonia maxima (ósea 

bambooô), Ecklonia radiata, Laminaria pallida and Macrocystis pyrifera (which is dominant 

in South African kelp forests and becomes less prominent northwards) (Fleischman et al., 

2020).  

Macrocystis pyrifera (M. pyrifera) is the largest seaweed in the world, known in some places 

as ógiant kelpô. It can grow up to 70 m in ideal conditions and given that the environment is 

conducive for it to do so. It is one of the most widespread marine species globally and forms 

the basis of large kelp forests in many regions. More also, M. pyrifera is one of the fastest 

growing kelp in the world, with growth rates of 50 cm per day reported in optimal conditions 

(Schiel & Foster, 2015). Ecklonia maxima (E. maxima) and M. pyrifera are not abundant in 

southern Namibia. E.maxima is only present in the more in the south and few have been spotted 

in the north of L¿deritz whereas Laminaria pallida is widely distributed in the Namibian 

marine waters (Eagledow & Bolton, 1994; Fleischman et al., 2021). 

 

 



6 

 

 

Figure 2.1 shows the global distribution of different kelps. Though some M.Pyrifera is found in the Cape Town area it is not 

as dominant as Ecklonia Maxima (Peteiro, 2018). 

 

 

Figure 2.2 shows the global distribution of M.pyrifera source: https://gorcc.files.wordpress.com/2011/03/kelp-distribution.jpg  

after (Graham et al., 2007). 

 

. 
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2.2. Chemistry of the Namibian Waters 

Namibiaôs marine environment is considered ñrelatively pristineò (Le M®zo et al., 2021; Sakko, 

1998). This marine environment belongs to the Benguela System, which is an eastern boundary 

current upwelling system in the South-eastern Atlantic Ocean. The upwelling of nutrient-rich 

water causes the oceanographic condition in that particular environment to change into the 

surface zone (Flynn et al., 2020). These environmental changes include changes in the ocean 

health, nutrients uptake by the plankton communities, remineralization of nutrients, sediment 

carbon content and the rate at which dissolved carbon is sequestered and stored (Duarte et al., 

2018; Flynn et al., 2020; Pitcher et al., 2021; Thompson et al., 2017; Van Der Plas et al., 2007). 

In these marine waters, some irregular anomalies are observed in temperature, oxygen 

concentration and salinity especially in the shelf waters (Eagledow & Bolton, 1994). The 

Benguela System is believed  to be responsible for nitrogen loss in the oxygen-minimum Zone 

(OMZ) waters of one of the most productive regions of the world ocean as the upwelling waters 

are generally more oxygenated (>200 ÕM O2) whereas the bottom waters can severely be 

depleted to about <10 ÕM O2 (Bristow et al., 2017; Flynn et al., 2020). The massive nitrogen 

loss from the Benguela upwelling system is through anaerobic ammonium oxidation. Studies 

show that the anammox bacteria is linked to the removal of fixed inorganic nitrogen (FIN) in 

the OMZ water of open-ocean setting (Bristow et al., 2017; Kuypers et al., 2005). Gruber and 

Sarmiento, 1997 argued that the decrease in the ratio of FIN to phosphorus (P) in the bottom 

waters has been attributed to denitrification, process where nitrate (NO ) is reduced to produce 

molecular nitrogen (N ) through a series of intermediate gaseous nitrogen oxide products 

(Sarmiento & Gruber, 1997). 

Studies have shown that most oceanic waters are depleted in inorganic nitrogen, phosphorus, 

Iron which are the nutrients that limit primary production in the ocean (Kuypers et al., 2005). 

Human activities at local scale have shown to be contributors to the chemical distributions in 
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most ocean waters. An example of this is the nutrient enrichment in the New York Bight and 

Chesapeake Bay which has led to anoxia in the water column and has caused an impact on 

marine resources (Officer et al., 1984).  

Phytoplankton is responsible for half global CO2 fixation (~ 50 Pg (Petagram) of carbon per 

year). Phytoplankton take up nutrients at a ratio that varies considerably between different 

species and environmental conditions, but on average occurs at about 106 C : 16 N : 1 P : 

0.0075 Fe (carbon : nitrogen : phosphorus : iron) throughout the ocean, which is commonly 

referred to as the Redfield ratio (Heaney & Droop, 1985; Hutchins et al., 2009; Redfield, 1960). 

The sea water, apart from nutrients, also contains major ions (Na+, K+, Mg2+,Ca2+,Cl-, SO4
2-

,HCO3
-) and other trace elements such (Ni, Cu, Fe, S and Co) which require a sample to be 

concentrated before analysis (James et al., 2021; Steiner et al., 2018). 

 

2.3 Macroalgae and the ocean biogeochemistry 

Macroalgae or seaweeds, are large, multicellular algae that are found in the oceans around the 

world including the coastlines of Namibia (Figure 2.3). When they reach maturity growth level 

they form canopies on the surface of the waters that can be spotted from a distance or through 

aerial photography (Bryson et al., 2013; Schiel & Foster, 2015). 
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Figure 2.3 shows the spatial distribution of natural kelp beds in Southern Coast of Namibia. 

 

These macroalgae play a number of important roles in the ocean environment, including 

serving as a source of food and habitat for a variety of marine organisms and influencing the 

geochemistry of the oceans (Wheeler et al., 2022). 

One of the keyways in which macroalgae influence ocean geochemistry is through their role in 

primary productivity as many species of macroalgae, particularly those in the brown and green 
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algae groups, can photosynthesize and produce oxygen. This process, known as oxygenic 

photosynthesis, results in the production of organic matter and the removal of carbon dioxide 

from the water column (Chung et al., 2011; Fleischman et al., 2020). This can have significant 

impacts on the local and global carbon cycle, as well as on the pH and other chemical properties 

of the oceans (Smale et al., 2020; Wheeler et al., 2022). 

Macroalgae can also influence ocean geochemistry through their role in nutrient cycling by 

absorbing and sequestering nutrients such as nitrogen and phosphorus from the water column, 

which can be returned to the water through decomposition or herbivory (Bullen et al., 2021; 

Le M®zo et al., 2021). This process can help to regulate nutrient availability in the ocean and 

support primary productivity in marine ecosystems. In addition to their role in primary 

productivity and nutrient cycling, macroalgae can also influence the geochemistry of the oceans 

through their physical presence.  

The structures of macroalgal communities, such as kelp forests and coral reefs, can create 

complex physical environments that affect the exchange of gases, heat, and nutrients between 

the ocean and the atmosphere (White et al., 2021). They can also provide shelter and habitat 

for a variety of marine organisms, which can influence the distribution and diversity of species 

in an area (Kim et al., 2017). However, kelp forests are  vulnerable to a variety of human 

impacts, such as pollution, overfishing, and climate change, which can damage or destroy these 

ecosystems and harm the animals and plants that depend on them (Williams et al., 2022). 

There is evidence that kelp forest help reduce ocean acidification in surrounding waters (Hirsh 

et al., 2020; Hoshijima & Hofmann, 2019; Steiner et al., 2018). Ocean acidification is caused 

by the increase of carbon dioxide in the ocean, can make ocean water more acidic. This can 

make it harder for other organisms to form shells and skeletons, thereby negatively impacting 

on their growth and reproduction. 
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2.4 Geochemical Baseline 

A geochemical baseline can be defined as a reference point that represents the natural levels of 

chemical elements and compounds in a specific environment, such as soil, water, or air. 

According to ñThe Blue Bookò (Darnley et al., 1995), a geochemical baseline is used as a 

benchmark for evaluating the impact of human activities on the environment, such as mining, 

industrial operations, and waste disposal, by comparing the levels of these chemicals in the 

affected area to the baseline.  

The term geochemical baseline was used in the late 1980s and it was officially introduced in 

1993 at the IGCP (International Geoscience Programme) which has served as a knowledge hub 

of UNESCO (United Nations Educational, Scientific and Cultural Organization) to facilitate 

international scientific cooperation in the geosciences (International Geosciences Programme 

- IGCP 2021 Annual Report, 2021). Determining a geochemical baseline typically involves 

collecting and analysing samples from the area of interest and comparing them to samples from 

nearby, undisturbed areas (Darnley et al., 1995; Hua et al., 2020). 

The early scholars had challenges when it came to defining geochemical baseline due to the 

regional changes of the geology in the different areas, the sample material collected, grain sizes 

and chances of sample contamination. As a result of these challenges the baselines were always 

be verified by having other sites than the focused site (Salminen, 1997). 

Developing a geochemical baseline is important for several reasons: 

a) Environmental Impact Assessment (EIA): A geochemical baseline can be used to 

identify and evaluate the potential impacts of human activities on the environment. By 

comparing the levels of chemicals in an affected area to the baseline, it is possible to 

identify any changes that may have occurred because of these activities. 

 



12 

 

b) Resource Exploration and Management: A geochemical baseline can also be used to 

identify and locate natural resources, such as minerals and oil. It can also be used to 

monitor the depletion of these resources over time. 

c) Compliance with Regulations: Many countries have regulations in place to protect the 

environment and human health. A geochemical baseline can be used to ensure that 

human activities follow these regulations by measuring the levels of chemicals in the 

environment and comparing them to the baseline. 

d) Improved understanding of natural processes: A geochemical baseline can provide 

a snapshot of the natural conditions of an area, which can help scientists understand the 

natural processes that occur in the environment and how they may be affected by human 

activities (Gustavsson et al., 1997). 

e) Risk Management: A geochemical baseline can be used to identify potential risks to 

human health and the environment and to develop strategies to mitigate or manage those 

risks (Hua et al., 2020). 

 

Overall, a geochemical baseline is an essential tool for understanding the impacts of human 

activities on the environment and for protecting the health and well-being of people and the 

planet. According to the ñBLUE BOOKò geochemical baselines differ from country to country 

and many countries do not have.  For the countries that has the geochemical baseline data, the 

data is either incomplete or inconsistent throughout, thus obtaining a global geochemical 

baseline is essential, hence, national and regional geochemical surveys should be tied together 

to a global geochemical database (Darnley et al., 1995). 

In Fuxin city, China, a geochemical baseline study of heavy metals in the topsoil showed that 

the urban topsoil was slightly contaminated, howbeit, the  main contamination came from the 
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mining sites (Hua et al., 2020). Another study done in the Namibian marine coastline looked at 

level of copper on the coastline using ICP-OES (Inductive coupled plasma optical emission 

spectroscopy). The result showed that the level of copper were higher in both mussels, 

sediments and water column of the coastline of the Walvis Bay harbour (Edosa et al., 2019). 

 

2.5 The geochemical properties of sediments in L¿deritz 

Marine sediments are formed through a variety of processes, including the weathering and 

erosion of rocks on land, the precipitation of minerals from seawater, and the accumulation of 

organic material from marine organisms. One of the major sources of marine sediment is the 

erosion of continental rocks and soils, which is transported to the ocean by rivers and streams. 

This sediment is then transported by ocean currents, such as the longshore drift and the ocean 

gyres, and deposited in areas such as deltas, beaches, and the continental shelf. Another 

important source of marine sediment is the precipitation of minerals from seawater. This 

process, known as authigenesis (Figure 2.4), occurs when dissolved minerals in seawater 

crystallize and settle to the ocean floor. Common authigenic minerals include calcite, aragonite, 

and silica. 
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Figure 2.4  shows the formation of marine sediments and the depositional pathways (adapted 

from (MASLIN & SWANN, 2006). 

 

The accumulation of organic material from marine organisms is also a major source of marine 

sediment. Organic material, such as the remains of plankton and shells, can accumulate on the 

ocean floor and form sediments such as diatom ooze and calcareous ooze. 

The Namibian coastline is characterized by its long stretches of sandy beaches and towering 

sand dunes. The geology of the area is dominated by sedimentary rocks, including sandstones, 

conglomerates, and shales, that have been weathered and eroded over time to form the dunes 

and beaches. The areas around the Namibian coastlines are also characterized by the presence 

of ancient river channels and estuaries, which have left behind deposits of silt and clay. The 
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geology of the Namibian coastline is influenced by the action of waves, winds, and the 

movement of sand dunes (Ribas et al., 2013). The area is also known for its rich mineral 

resources, including diamonds, copper, and zinc (Abshire et al., 2020). The Namibian coastline 

and continental shelf are characterized by a narrow shelf and a steep continental slope (Figure 

2.5). The shelf is narrow because of the combined effects of tectonic activity and erosion. The 

area has a history of tectonic activity, including rifting and uplift, which has led to the formation 

of a narrow shelf (Brown et al., 2014). The shelf is also affected by erosion, which has been 

carved away at the coastline and continental shelf (Figure 2.6), leaving behind a narrow strip 

of land (Dingle, 1992). 

 

Figure 2.5 shows the simplified map illustrating the basement tectonic framework of Southern 

Africa, where KVC is Kaapvaal Craton, CC is Congo Craton, TC is Tanzanian Craton, ZC is 

Zimbabwe Craton. Image obtained from:(Brown et al., 2014). 
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Sediments play a major role in the ocean when it comes to carbon storage, cycling of major 

metals and ions. Studies have shown that most of the organic and inorganic carbon are stored 

in marine sediments, and they are buried in making it difficult for these carbon stocks to escape 

back into the water column and earth surface (Figure 2.6). Marine sediments plays a bigger 

role in mitigating the effects of climate change through carbon capturing (Atwood et al., 2020; 

Aumont et al., 2016; Krause-Jensen et al., 2018). Sediments also play a vital role in the cycling 

of major metal ions and polyatomic anions in the ocean. Heavy metal ions such as copper, zinc, 

and lead, as well as major anions such as nitrate (ὔὕ ) and phosphate (ὖὕ ), are often 

found in sediment (Flynn et al., 2020; Tyrrell & Lucas, 2002).  

These metal ions and polyatomic anions can be transported by ocean currents and deposited in 

sediment, where they are and protected from the water column. This process helps to regulate 

the concentrations of these elements in the ocean and prevents them from becoming too 

concentrated and potentially harmful. 

 

Figure 2.6 shows the Namibian continental margin and the Oxygen minimum zones (OMZ), 

Shelf break and shelf taken from (Abshire et al., 2020). 
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Additionally, sedimentary rocks and minerals are important for the formation of many 

important resources such as oil, gas, and mineral deposits. The sediment also acts as a sink for 

pollutants and can be used to monitor the environmental changes and human impact on coastal 

and marine areas. 
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CHAPTER THREE: RESEARCH METHODS AND MATERIALS 

3.1. Research design 

Before installation and deployment of the array, as per the recommendations of the Kelp Blue 

Environmental Impact Assessment (EIA) (Pulfrich et al., 2020), an extensive and thorough 

water quality monitoring was required. Due to the EIA requirement, adequate time was allotted 

to develop the research study, which included a rigorous methodology of sample collecting that 

was safe, ecologically friendly, and replicable, as well as a control location on both the coast 

and offshore to describe all parameters required.  

Using dispersion models, the downstream and upstream impacted areas from the pilot farm 

were identified as shown in the Figures 3.1-3.3. 

 

 

Figure 3.1 shows the monthly simulation dispersion with no waves of the kelp from the different proposed site before 

commencement of the Kelp Blue project with Site B2 being the favourable site which is the research study area. 
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Figure 3.2 shows the weekly simulation dispersion with no waves of the kelp from the different proposed site before 

commencement of the Kelp Blue project with Site B2 being the favourable site which is the research study area. 

 

 

Figure 3.3 shows the weekly simulation dispersion with waves of the kelp from the different proposed site before commencement 

of the Kelp Blue project with Site B2 being the favourable site which is the research study area. 
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To Accomplish all the milestones necessary to develop a baseline, the study design is described 

in the flow chart below (Figure 3.4): 
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Figure 3.4 study design flowchart 
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Based on the data obtained through analyses and visualisation a geochemical baseline was 

developed following the steps indicated in the flowchart above (Steiner et al., 2018). 

  

3.2 Sampling sites 

The sampling sites were Halifax Island, Guano Bay and Grossebucht (which served as control 

sites), Kelp Blue pilot plot (main study area), Boat Bay (downstream site) and Dumfudgeon 

rocks (upstream site). From these sites both coastal and offshore sampling was conducted. 

 

3.3. Apparatus, chemicals, and reagents                        

All chemicals used were of industrial and laboratory grade. These are listed in table 3.1 along 

with their physical features and analytical methods in which they are used.          

Table 3.1 The different chemicals and reagents used in the study. 

Reagent name 

Chemical 

Grade 

Reagent 

state 

Colour 

Molecular 

Formula 

Method of 

analysis 

Parameter to 

analyse 

Potassium 

disulfate 

Industrial 

Solid White K2S2O7 

Diazotation 

Method 

Nutrients 

Sodium 

Hydroxide 

Laboratory 

Liquid Clear NaOH Colorimetric 

Titration (CO2 

determination) 

Ammonia Laboratory Liquid Clear NH3 Colorimetric Titration (TA) 

Phosphoric acid Laboratory Liquid Clear H3PO4 Colorimetric Titration (TA) 

Boric acid Laboratory Solid White H3BO4 Colorimetric Titration (TA) 
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Hydrochloric 

acid 

Laboratory 

Liquid Clear HCl Colorimetric Titration (TA) 

Ethanoic acid Laboratory Liquid Clear CH3COOH Colorimetric Titration (TA) 

Methylene Blue Laboratory Liquid Blue C37H27N3Na2O9S3 Indicator Titration 

Methyl red Laboratory Solid Red C15H15N3O2 Indicator Titration 

Phenolphthalein Laboratory Liquid Clear C20H14O4 Indicator Titration 

 

Various devices were employed to measure, collect, and trace the various parameters, samples, 

and locations during the study, as shown in Table 3.2. The measurement devices were calibrated 

every three months or whenever they were serviced. 

Table 3.2 The different apparatus used in the study and their purpose for use. 

Apparatus Purpose for use 

Multiparameter Sonde Measure water geochemistry parameters 

Photometers Measure water quality and nutrients 

Nutrient sensor Measure nutrients 

CO2 sensor Measure the carbonate concentration 

Titration kits Conduct titration for acidity and alkalinity 

Sample bottles Water collection and storage 

Buckets Water collection 

Niskin Bottles Water collection 

GPS (Garmin e-trex 10) Location identification 

Sediment Grab Sediment collection 
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3.4. Instrumentation and Methodology  

3.4.1 Water collection 

The water collection during the monitoring were done at the coastal and offshore sites. 

Dispersal models were used to advise the prioritisation of the coastal monitoring. The adopted 

principle was to identify control sites and impact sites. Impact sites are areas where changes 

were anticipated to first occur. The control sites were chosen because they were conveniently 

accessible and could be researched more regularly than areas further away from L¿deritz, 

which might constitute a risk. 

Water geochemistry parameters measurements at the coast were conducted within the 

quadrants set up in different locations, along the shore and intertidal zones where the water was 

deep enough to deploy the monitoring devices. When the weather on certain days was too rough 

(boisterous winds, high tides, and high waves) to deploy the device a bucket was used to draw 

out water samples for measurements and small 125 mL sampling bottles were used to collect 

water for laboratory analysis such as nutrients analysis and titrimetric analysis. For the offshore 

monitoring, Niskin Bottles were used to collect water from various depths. 

Prior to the water collection, the Niskin bottles were sterilized by rinsing the bottles with the 

same sample. The Niskin bottle is equipped with two taps which were closed during the 

collection unless when the water was decanted (Figure 3.5). The Niskin bottle is equipped with 

two stoppers which are connected by an elastic cord, and a release mechanism connected to a 

metered rope that is used to lower the bottle to the desired depth. Using a messenger (or weight) 

which is clipped into the rope and lowered once the Niskin bottle has reached the desired depth, 

when the messenger meets the trigger, the release mechanism is triggered when the messenger 

meets the trigger, and this cause the stoppers to be released to the closed position and water at 

the desired depth is locked in the bottle. This was done at the different offshore stations 

(Halifax, Dumfudgeon Rocks, Kelp Blue pilot farm and Boot Bay). 
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When the Niskin bottles were brought up with water sample of desired depth, different water 

samples were collected (Figure 3.5). The first water samples were separated for laboratory 

analysis on land and then the rest of the water samples were transferred to a bucket where 

measuring devices were deployed to take measurements. This was done for different depth 

profiles (15 metres, 20 metres and 30 metres) except for the surface (about 10 cm below sea 

surface level) since the devices could easily be dropped down for measuring and water scooped 

from the surface with a bucket. Once the water samples were collected, the GPS (Global 

Positioning System) coordinates were taken either with a Garmin e-trex 10 or with a mobile 

phone (Table 3.3) 

Table 3.3 The sampling location points with their various GPS coordinates. 

Sampling locations Latitude Longitude 

Grossebucht 26Á44'29.0"S  15Á05'41.0"E  

Guano Bay 26Á39'21.0"S 15Á04'55.0"E 

Halifax 26Á38'56.0"S 15Á04'52.0"E 

Dumfudgeon Rocks 26Á30'04.0"S 15Á07'06.0"E 

Boot Bay 26Á27'00.0"S 15Á05'54.0"E 

Pilot Site 26Á29'11.86"S 15Á03'51.86"E 

Shearwater Bay (Formerly BTP) 26Á37'59.55"S 15Á06'25.87"E 

Dumfudgeon rocks coastal 26Á29'60.0"S 15Á08'19.0"E 

Pilot Coastal 26Á27'49.0"S 15Á06'53.0"E 

Boot Bay Coastal 26Á27'27.0"S 15Á07'04.0"E 
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Using a Quantum Geographic Information System (QGIS) software, the sample location points 

were overlayed on both street map layer and using a geology shape file a study area map was 

generated as seen in (Figure 3.5-3.6). 

 

Figure 3.5 shows the study area sample locations plotted on QGIS using open street map. 
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Figure 3.6 shows the study area sample locations plotted on QGIS using the Namibian geology shapefile as a layer. 
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Figure 3.7 shows the Kelp Blue team (from left to right: Loyiso Dunga and Iriya Jona) holding and reassembling the open 

Niskin bottle. 

 

The collected samples from both coastal and offshore monitoring were stored in sample bottles 

in a refrigerator or cooler box with ice, for further laboratory analysis. 

 

3.4.2 Multiparameter Sonde (geochemistry measurements) 

A HI9829 multiparameter meter (sonde) (Figure 3.7) was mainly used during the study to 

measure the different geochemistry water parameters. The meter is connected to a probe that 
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has four main electrodes that measure different parameters of interest including as pH, 

temperature, conductivity, salinity, dissolved oxygen, TDS, and turbidity. 

 

  

Figure 3.8 show the connection of the probe cord (the metallic part) to the meter. 

The probe cord was then attached to the meter and the cover was tightly screwed in before 

switching on the meter, as show in Figure 3.8. 

Once the probe was confirmed to be safely connected to the meter and beaker of the probe 

covering the electrode was replaced with another (probe shield) that can be used for deploying 

and exposing the electrodes to the water sample (Figures 3.9-3.11). 
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Figure 3.9 shows the probe with electrodes. 

Figure 3.10 shows the probe with the protective shield. 
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The yellow and red electrode is an ISE (Ion Selective Electrode) which measures pH, the big 

black electrode measures EC and turbidity, the small olive, black and white electrode measures 

DO and the last thin metal electrode measures temperature.  

 

Once connected, the meter present can be switched as shown in Figure 3.12 and following the 

steps in Figure 3.12 the data measurements are recorded as shown in Figure 3.13. 

 

Figure 3.11 shows long shield cover for probes used when deploying the 

probe in the water. 
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Figure 3.12 shows how to switch the ON button indicated by the red. 
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Figure 3.13 shows the mode procedures to log the data. 
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Figure 3.14 shows Loyiso with Iriya from Kelp Blue using the multiparameter sonde to take the water geochemistry reading 

at the coastal area. 

 

After every two (2) months the sonde (Figure 3.12) was calibrated, and all the data was then 

transferred using a software into the local disk for storage and later visualization. 

 

3.4.3 Spectrophotometer (nutrients measurements) 

The water samples nutrients (NO2
- and PO4

3-) measurements were performed using the 

HANNA HI83303 multiparameter photometer which is a spectrophotometry instrument. The 

spectrophotometry analysis was based on specific chemical reactions between a sample and a 

reagent in order to produce a light-absorbing compound (Arai et al., 2018; Prien, 2013). 
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The photometer has an optical system that enables it to measure the concentration of the 

substance using the Beer Lambertôs Law: 

 

 ὰέὫ ‐ ὧ Ὠ                                                                                                    Equation 2 

 

where I, is the intensity of the light beam, Io is the intensity of the light beam after absorption, 

Ůɚ is the molar extinction coefficient at wavelength ɚ, d is the optical path through the substance 

and c is the molar concentration of the substance (seawater sample). 

 

  ὰέὫ ὃ                                                                                                          Equation 3 

Where A is the absorbance, which then is: 

 

 ὃ ‐ ὧ Ὠ                                                                                                              Equation 4 
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Figure 3.15 shows the HANNA instrument HI83303 block diagram, the reference detector (the internal reference system) does 

the compensation of any drifts caused by temperature changes by providing a stable light source for all blank and seawater 

sample measurements. 

 

The optical system of the instrument works as shown in the block diagram above (Figure 3.15). 

Nutrient analyses were performed as follows with the guided steps of the HANNA HI83303 

instruction manual: 

The following method analysis were selected on the HANNA HI83303 photometer Nitrite 

Marine ULR (Ultra Low Range) and Phosphate Marine ULR were used as the key selection 

method display.  

The water samples collected with the Niskin bottle and from the surface were stored in airtight 

water bottles. During the analysis the samples were analysed at 25ÁC room temperature and 

pressure (r.t.p). 

A KANSO Certified Reference Material (CRM) (a framework of SCOR [Scientific Committee 

on Oceanic Research] WG147) was used to benchmark the accuracy of the seawater samples 

collected. 
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A 10 mL cuvette was filled with seawater sample collected at different monitoring station and 

different offshore depths was filled to the mark and placed in the HANNA HI83303 photometer 

to create a blank (meter was zeroed). A potassium disulfate reagent was added to the sample 

and a cuvette preparation methodology for each nutrient analysis was performed (for nitrite it 

was shook gently for about 15 seconds whereas for phosphate it was shook gently for about 2 

minutes) (Figure 3.16-3.17).  

 

 

 

 

 

Cuvette holder 

HI83303 Photometer 

Figure 3.16 shows sample in a cuvette being placed in the photometer cuvette holder. 

Figure 3.17 shows the nutrients reagents being added to the seawater 

sample and shaken to dissolve the reagents. 
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Once the powder reagents in the sample completely dissolved, the cuvette was placed in the 

photometer cuvette holder and the timer countdown gave the readings of the nutrient 

concentration (Figures 3.18-3.21). The photometer converted the results to Õg/L of the nutrients 

(PO4
3-) and (NO2). .And these results were then converted to ÕM (mol/kg) as the unit widely 

used (Flynn et al., 2020; Panassa et al., 2018).  

 

Figure 3.18 shows the countdown timer of the nitrite analysis with nitrite- nitrogen results. 

 

 

Figure 3.19 shows the conversion of the analysis with nitrate to nitrogen results to nitrate and Sodium nitrite (NaNO2) 
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Figure 3.20 shows the countdown timer for phosphate analysis and the phosphorus results. 

 

Figure 3.21 shows the conversion of Phosphorus (P) to Phosphate and Phosphorus pentoxide (P2O5). 
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Figure 3.22 shows the samples in a cuvette after various nutrient analysis (from left to right): silica HR (High Range), silica 

LR (Low Range), Nitrate, Nitrite UL), Phosphate ULR 

 

Silica HR (High Range), silica LR (Low Range), Nitrate, Nitrite ULR (the sample colour turned 

slightly pink after the reaction with the reagent), Phosphate ULR (the sample colour turned 

blue after the reaction with the reagent) (Figure 3.22). 

 

3.4.4 CO2 determination and Alkalinity Test by Titration 

Two titration steps were followed, one was to determine the amount of CO2 that has been 

consumed by the seawater sample (Hern§ndez-Ay·n et al., 1999) and the other titration step 

was for the alkalinity test (Saderne, Fusi, Thomson, Dunne, Mahmud, et al., 2020). 

Slight pink 
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The CO2 determination titration involved the gradual addition of basic titrant solution (NaOH) 

whereas the alkalinity test involved the gradual addition of acid titrants such as HCl, NH3 (weak 

base), H3BO4, H3PO4 and CH3COOH. The different indicators were prepared and diluted in the 

Kelp Blue and UNAMôs laboratories. 

3.4.4.1 Preparation of Indicators 

a) Methyl red 

A 0.25 g of Methyl red powder was weighed out on an analytical balance scale. The weighed 

methyl red was added to a clean 500 mL volumetric flask with ~ 238 mL of absolute ethanol 

(EtOH).  

To find the amount of 95% alcohol that must be used for dissolving 0.1 grams: 

πȢπυ Ὣ  ς υπ άὒ Ϸ ς    éééééééééééééé (5) 

Ὕέ όίὩ πȢρ Ὣ έὪ άὩὸὬώὰ ὶὩὨ ύὩ ὲὩὩὨὩὨ ὸέ ὨὭίίέὰὺὩ ύὭὸὬ ρππ άὒ έὪ ωυϷ ὩὸὬὥὲέὰ  

Ὕέ όίὩ ςυπ άὒ έὪ ωυϷ ὩὸὬὥὲέὰȟπȢςυ Ὣ έὪ άὩὸὬώὰ ὶὩὨ ύὥί ὲὩὩὨὩὨ ὸέ ὦὩ ὨὭίίέὰὺὩὨȡ 

πȢρ Ὣ ςυπ άὒ ὼ ρππ άὒP ὼ
  

ᴾὼ πȢςυ Ὣ  éééé.................. (6) 

ḈπȢςυ Ὣ ύὥί  ὲὩὩὨὩὨ ὸέ ὨὭίίέὰὺὩ ὸὬὩ άὩὸὬώὰ ὶὩὨ ὫὭὺὩὲ ὭὲὧὶὩὥίὩ Ὥὲ άὥίί 

We didnôt have 95% alcohol but 99.9% (absolute ethanol) so we then did a balance reaction 

again: ςυπ άὒ ωυϷ ὼ άὒ ωωȢωϷ O  ὼḙςσψ άὒ έὪ ὥὦίέὰόὸὩ ὉὸὕὌ éééé.. (7) 

The mixture was then swirled and an ~ 8 mL of 0.1 M NaOH solution to was added to the 

volumetric flask. After the solution was effected, the de-ionized water (DIW) was added until 

the 500mL mark. 

b) Methylene Blue  
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A saturated solution of methylene blue was prepared by adding 1.5 g of powdered methylene 

blue to 100 mL of 95% ethanol. The alcohol was slowly added to dissolve the powder. 

Subsequently, 30 mL of the saturated alcoholic solution of methylene blue was added to 100mL 

of distilled water along with 0.1 mL of 10 % potassium hydroxide. 

c) Phenolphthalein  

0.5 g of phenolphthalein powder was carefully weighed out on an analytical balance, while 

simultaneously preparing a 50 % ethanol (50 mL ethanol and 50 mL DIW) in a 125 mL 

volumetric flask. The 0.5 g of phenolphthalein powder was then dissolved in the 125 mL of the 

50 % ethyl alcohol. Two drops of this mixed solution was then added to a sample contain 

seawater and slowly adding NaOH solution to it, a colour change from clear to pink confirmed 

the indicator test (Kiichi & Nobuyoshi, 2009).  

 

3.4.4.2 Preparation of Titrants 

The titrants used in the titrations for both CO2 determination and alkalinity were 0.1 M solution. 

All the titrants used in the study had higher molar concentrations except for NaOH that was 

already 0.1 M. The rest of the titrants were diluted using the formula for calculating dilution, 

for example diluting of 32 % Ammonia (Perry et al., 1997): 

Firstly, the molarity of 32% of ammonia needed to be identified: 

where ” ὨὩὲίὭὸώ έὪ ὔὌ
Ȣ  
ȟ ρχȢπσ άέὰὥὶ άὥίί έὪ ὔὌ 

ὓ Ϸ πȢσς 
 

 
Ὣ ὥήὩέόί ίέὰόὸὭέὲ

Ȣ  
Ȣ    ééé (8) 

Ḉὓ Ϸ ρχȢπτ ὓ 



42 

 

To dilute 17.04 M of NH3 to 0.1 M: 

ὅὠ ὅὠȟύὬὩὶὩ ὅ Ὥί ὸὬὩ ὧέὲὧὩὲὸὶὥὸὭέὲ ὥὲὨ ὠ Ὥί ὸὬὩ ὺέὰόάὩ éééé.. (9) 

ρχȢπτ ὓ ὠ πȢρ ὓ υππ άὒ 

ᵼὠ
υπ ὓ άὒ

ρχȢπτ ὓ
 

ὠ ςȢωσ άὒ 

σȢππ άὒ έὪ ὔὌ ύὥί όίὩὨ Ὥὲ ὥ υππ άὒ ὺέὰόάὩὸὶὭὧ ὪὰὥίὯ ὥὲὨ ὸὬὩ ὈὍὡ ύὥί ὥὨὨὩὨ ὸέ ὸὬὩ άὥὶὯ 

 

These preparation steps were done for other titrants as shown in Table 3.4 the table below: 

 

Table 3.4 shows the titrant used for titration and the volume used to dilute to the titrant. 

Titrant name State before 

preparation 

Molarity (M) Volume flask 

used (mL) 

Volume of 

titrant used for 

dilution (mL) 

NH3 Solution 17.0 500 3.00 

HCl Solution 1.0 500 50.00 

H3PO4 Solution 14.6 500 3.40 

H3BO4 Powder 1.1 250 23.00 

CH3COOH Solution 1.0 500 50.00 

NaOH Solution and 

pellets 

0.1 125 125.00 
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3.4.4.2 Titrations 

 The titration station with all the titrant solutions in the burette were prepared once the 

indicators and titrants were ready. Graduated cylinders were filled with known volume of the 

seawater sample (analyte) for each monitoring site and depths for the offshore sites (Figures 

3.23-3.25). Two drops of the indicator were added to the analyte. Phenolphthalein was used as 

the indicator for NH3 and NaOH, while methyl red and methyl blue were used as indicators for 

other titrants. The initial burette reading was taken, and the titrant was added dropwise to the 

sample until the solution turned slight pink to pink; and the final reading of the burette was 

then recorded. The endpoint of the titration was reached when the colour change of the sample 

using NaOH titrant became permanent and the solution turned from the acidic state to the 

alkaline state, this method is known as CO2 determination (Goertzen et al., 2010; Schºnherr et 

al., 2018). 
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Figure 3.23 shows the burette set up for titration in the UNAM organic chemistry lab with 

volumetric flask contain different prepared titrants. 
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Figure 3.24 shows the volumetric flask with prepared solution of titrants and indicators. 

 

 

 

 

 

 

 

 

 

 

Figure 3.25 shows the endpoint reaction of the analyte (seawater sample) and titrants. 
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3.4.5 Sediment collection 

Marine sediment collection is a critical process in marine science and environmental studies, 

aimed at studying the composition, properties, and environmental conditions of sediments on 

the seafloor. Proper collection methods are crucial for obtaining accurate data. During this 

study, two methods of sediment collection were employed; namely: sediment grab sampling 

and sediment coring. 

a) Sediment grab sampling 

This method involved deploying a grab sampler to collect surface sediment samples. At the 

offshore sites,  sediment samples were collected using a Van Veen Grab (Sediment Grab) 

(Beukema, 1974; Wijsman et al., 2022).  

The sediment grab was connected to a long rope that was used to launch the grab from the boat, 

when launching the grab, the hook was connected to a slit that made sure the grab jaws were 

open as shown in the (Figures 3.26-3.28): 

 

 

 

 

 

 

 

 

 
Figure 3.26 shows the mechanism of how to open the 

sediment grab. 
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Rope

 

Figure 3.27 shows how to connect the hook to the open slit of the grab. 

Figure 3.28 shows how to drop down the grab for sediment 

collection at the seafloor. 
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When the grab reached the seafloor, it collected the sediment, and the sediment was stored in 

zip-locke bag and stored in a deep freezer.  

b) Sediment coring 

. Using a multi-corer that was mounted on the RV (Research Vessel) Mirabilis, some sediments 

were collected during the study from Namibia's deep ocean and northern coastline. The multi-

corer consisted of six (6) core tubes of about 60 centimetres (cm) in length that were coupled 

to it (Figure 3.29). Using the vessel winch the multi-corer was lower down into the ocean and 

when it reached the seafloor the core tubes were tightly closed with sediment and water intact. 

With a slack on the winch from the vessel the operator knew the multi-corer had hit the benthic 

floor. 
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Figure 3.29 shows Kurt Hanselmann (Emeritus Professor of biogeochemistry) pointing 

towards the multi-corer on the deck with the core tube. 

Connected to the core tube is the spider-like arm hand that was on springs once the corer 

reached the floor it snapped and closed the core tube making the collected sediments intact and 

trapped. 
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Figure 3.30 shows the successful coring with sediments and the bottom of the tube and falcon 

tube as a scale. 

The sediment (Figure 3.30) collected with the multi-corer was stored in a freezer while on the 

vessel, once on land the sediment samples were stored in a -85ÁC freezer at NatMIRC. Five 

Water 

Sediment 
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sediment samples from each of the sampling locations (3 study locations where 2 were from 

further north of Walvis Bay) were then sent to the geochemistry laboratory at the Department 

of the Geological Survey under the Ministry of Mines and Energy (MME) (Figures 3.31-3.32).  

The sediment was analysed using two different techniques: Loss on Ignition (LOI) and Energy-

Dispersive X-ray Fluorescence (ED-XRF), which uses a handheld Niton XRF analyzer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

Figure 3.31 shows the frozen sediment from the coring done at the 20Á latitude 

line. 
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Figure 3.32 shows the sediment in a freezer box were sent to the MME laboratory in Windhoek 

for sediment analysis for LOI and XRF. 

 

Five samples were handed over to MME for XRF and LOI analysis. The samples were not 

crushed nor pulverized to maintain the state in which they were collected. The samples were 

analysed in the state they came (wet samples). 

After XRF analysis, the empty crucibles and the five samples were dried separately for six (6) 

hours in a pre-heated oven at 1050 ÁC to remove any moisture content. The crucibles and the 

samples were allowed to cool in a desiccator for 30 minutes and afterward the mass of crucibles 

(n1) was taken. About 1.70 g of each dried samples were added to the crucible and weighed 

(n2). Thereafter, the crucibles with dried samples were placed in the furnace for an hour at 1050 
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ÁC. From the furnace the crucible with samples were allowed to cool in a desiccator for 30 

minutes and subsequently weighed (n3). Carbon content of each sample was then calculated.  

Carbon content calculation: 

LOI formula: 

LOI (weight %)=  ρππ  or LOI (weight %)= 
   

 ρππ  é.(10) 

ύὬὩὶὩ ὲ Ὥί ὸὬὩ άὥίί έὪ ὸὬὩ Ὡάὴὸώ ὧὶόὧὭὦὰὩȟὲ ὸὬὩ άὥίί έὪ ὸὬὩ ὨὶὭὩὨ ίὥάὴὰὩ ὥὨὨὩὨ ὸέ  

ὸὬὩ ὧὶόὧὭὦὰὩ ὥὲὨ ὲ Ὥί ὸὬὩ άὥίί έὪ ὸὬὩ ύὩὭὫὬὸ έὪ ὸὬὩ ὧὶόὧὭὦὰὩ ὧέὲὸὥὭὲὭὲὫ ίὥάὴὰὩ ὥὪὸὩὶ ὸὬὩ 

ὪόὶὲὥὲὧὩ ὥὲὨ ὴὰὥὧὩὨ Ὥὲ ὥ ὨὩίὭὧὧὥὸέὶ ὸέ ὧέέὰ Ὢέὶ σπ άὭὲόὸὩίȢ  
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CHAPTER FOUR: RESULTS AND DISCUSSION 

The results gathered by this study comprised of the water geochemistry, nutrients found in the 

water samples, titrimetric analysis, and the sediment analysis. 

The correlation between the results of water geochemistry, nutrients found in water samples, 

titrimetric analysis, and sediment analysis in the ocean plays a crucial role in understanding the 

complex interactions and processes occurring in marine ecosystems. These interconnected 

factors provide valuable insights into the health and dynamics of marine environments, helping 

researchers and scientists make informed decisions about conservation, pollution control, and 

the overall well-being of our oceans (Baird et al., 2021; Zhao et al., 2021). 

Water geochemistry, a fundamental aspect of marine research, involves the analysis of chemical 

components in seawater. It offers a snapshot of the chemical makeup of the ocean, including 

the concentrations of various ions and compounds. This information is essential for 

understanding the physical and chemical properties of seawater, such as temperature, TDS, 

DO, pH, and alkalinity. Water geochemistry results can serve as a baseline against which other 

data can be compared, helping identify anomalies or trends that may impact marine life 

(STEMM-CCS D2.9, 2019; Sutton et al., 2022). 

 

Nutrient analysis in water samples is a vital component of ocean research. Nutrients, such as 

nitrites, phosphates, and silicates, are essential for the growth of marine organisms. By 

measuring nutrient levels in water, scientists can assess the availability of these crucial 

substances for phytoplankton and other primary producers. The relationship between nutrient 

levels and biological productivity is a central aspect of oceanography, as it influences the entire 

food web, from microscopic plankton to large marine mammals (Basu & Mackey, 2018; 

Bristow et al., 2017; W. Li et al., 2023). 
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Titrimetric analysis is a method that determines the concentration of a specific chemical 

substance in a solution through a titration process. In the context of oceanography, titration is 

often used to measure parameters like alkalinity. Alkalinity is particularly important, as it 

reflects the ocean's buffering capacity against changes in pH, such as ocean acidification. By 

correlating titrimetric results with nutrient and geochemical data, researchers can gain a 

comprehensive understanding of the chemical and biological dynamics in a specific marine 

region (Mashoreng et al., 2019). 

Furthermore, titrimetric analysis complements nutrient measurements by providing 

information on the buffering capacity of seawater. Changes in pH due to increased carbon 

dioxide in the atmosphere (ocean acidification) can affect the solubility of nutrients and the 

availability of carbonate ions for shell-forming organisms (James et al., 2021; Steiner et al., 

2018). These effects are evident not only in water samples but also in the composition of marine 

sediments over time. 

 

4.1 Geochemistry results 

Geochemical parameters, including pH, temperature, salinity, turbidity, dissolved oxygen 

(DO), and total dissolved solids (TDS), play a crucial role in understanding the sequestration 

of carbon in various environmental systems. The variation in these parameters can significantly 

influence the processes that determine carbon sequestration. During the study all these 
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parameter readings were taken at different study locations (Figure 4.1) over a period of 12 

months and averaged (Table 4.1). 

 

Figure 4.1 shows the offshore monitoring sites and the elevation above and below sea level. 

Map designed using Ocean Data View (ODV) software. 

 

 

Table 4.1 shows the average the geochemistry results at all the sites of sampling during the study. 

SITE LAT LONG DEPTH

Temp.[°

C] pH 

EC[µS/c

m]

RES[Oh

m-cm ]

TDS 

[ppm] Sal.[psu] Sigma T D.O.[ppm]

Turb.FN

U

1 13.30 7.83 51102.45 463.78 25549.27 33.70 25.31 6.40 0.20

15 12.61 7.86 51829.32 124.31 25911.98 34.15 25.82 4.37 1.19

20 12.04 7.81 46734.13 51.88 23364.00 30.73 23.28 4.15 0.09

30 12.33 7.84 52750.00 19.00 26372.77 34.75 26.33 4.19 1.54

1 13.29 7.82 51880.01 49.58 25937.64 34.19 25.73 5.21 0.11

15 12.66 7.90 51787.35 279.88 25892.47 34.12 25.78 4.25 0.17

30 12.20 7.91 52517.33 19.00 26255.78 34.57 26.22 4.12 2.87

1 13.11 7.78 51896.28 171.39 25946.19 34.20 26.14 5.93 0.45

15 12.32 7.89 49700.38 496.20 24848.06 33.41 25.80 4.59 0.69

20 12.31 7.87 52511.25 19.00 26252.50 34.57 26.20 4.41 0.00

30 12.19 7.91 51467.50 25.12 25731.78 33.87 25.67 4.61 2.85

1 13.78 7.30 53512.63 6596.74 25374.42 35.35 26.56 4.67 0.20

5 14.38 7.40 54262.50 18.67 27129.17 35.92 26.96 4.08 0.00

Grossebucht -26.74139 15.09472 1 13.41 7.81 51839.81 19.70 25788.27 33.98 25.50 6.44 8.96

Guano -26.65376 15.08277 1 13.37 7.85 51179.76 62.35 25587.64 33.89 25.50 5.92 81.43

Boot Bay Coastal-26.4575 15.11778 1 13.44 8.02 53625.00 19.00 26810.00 35.44 26.64 5.84 0.15

DF Rocks Coastal-26.5 15.13861 1 13.26 7.90 49145.00 20.75 24570.00 32.19 24.17 5.86 0.50

Pilot Coastal -26.45861 15.11361 1 12.56 7.80 53375.56 19.00 26684.44 35.22 26.65 5.48 0.54

DF Rocks -26.50111 15.11833

Halifax -26.64889 15.08111

Boot Bay -26.45 15.10

Pilot -26.48663 15.06
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Temperature variation: 

Temperature is critical factor in geochemistry measurements. Warmer temperatures can 

enhance microbial activity, which may accelerate the decomposition of organic matter, 

releasing carbon into the atmosphere. On the other hand, colder temperatures can slow down 

decomposition processes, favouring the preservation of organic carbon in sediments and soils 

(Garc²a-Mart²n et al., 2019; Weinstock et al., 2022). 

 

Figure 4.2 shows the temperature variations from the control (south) to the downstream of the 

farm (north) for the offshore areas. Maps and visualization of results were done on ODV 

software. 

 

Halifax island had the higher temperatures amongst the offshore areas. 
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Figure 4.3 shows the temperature distribution at different depths during the study period. 

 

Further offshore in deeper waters (DF Rocks, Pilot and Boot Bay) the temperature increased 

further north (Figure 4.4)  as the study findings have shown that sea-surface temperature (SST) 

tend to be warmer at the north  compared to the south, due to the distance towards the equator  

as well as the artic which influences the temperature of the southern ocean (Cole & Villacastin, 

2000; Gr®millet et al., 2008; Kirst et al., 1999).  
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The  temperatures recorded at Halifax Island (Figure 4.4) compared to other site was mainly 

due to the SST as the depth was shallower compared to other offshore sites and that it was 

closer to the coastal areas where temperatures are from the continental margin influences the 

water masses in coastal areas (Narayanan et al., 2019; Venancio et al., 2014). 

 

Figure 4.4 shows more temperature variability, with lower temperatures observed at offshore 

and nearshore sites. 

. 
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Lower temperatures were recorded the further below sea surface and this decreased with depth 

while SST was observed to be higher at Grossebucht, Guano Bay and Halifax Island (Figure 

4.3). Various studies have attested to the low temperatures which are consistent with this study 

findings. This is because cold water exhibits higher density compared to warm water. As the 

water masses goes deeper (sink), it becomes colder due to the natural process of cold, saline 

ocean water sinking towards the ocean basins' bottom, displacing the less dense, warmer water 

found near the surface. This downward movement of cold, salty water, alongside the wind-

driven movement of warm water on the surface, gives rise to a intricate system of ocean 

circulation known as the 'global conveyor belt' (Figure 4.5) (Henry et al., 2014; Scheen & 

Stocker, 2020). 

 

Figure 4.5 shows the global conveyor belt 

(https://sealevel.jpl.nasa.gov/images/ostm/newsroom/features/images/201004-1a.jpg, 

accessed on 25/04/2023) 

 

The seasonal climate also played a role in temperature variation as higher temperatures were 

observed during the summer season compared to winter as per Figure 4.3 and Figure 4.4.  
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The temperature variation values obtained during this study favours the proliferation of M. 

pyrifera, hence M. pyrifera will thrive at the proposed pilot farm and further south of the farm 

due to the favourable temperate conditions, similar to the sites where kelp naturally grows.  

The studies conducted in South America where M. pyrifera widely grows (especially from Peru 

to Cape Horn and Argentina), indicated considerable temperature gradient is from 9ÁC to 20ÁC, 

which is in the acceptable limits. Temperature values observed at the  Pilot farm (Figure 4.4) 

and all the surrounding areas within the L¿deritz active cell were within the 9-20 ÁC range 

(Becheler et al., 2022; Kºrner et al., 2023; Le et al., 2022). More also, the temperate conditions 

of the pilot farm resembles that of the Southern Benguela upwelling cell (Fleischman et al., 

2020; Gr®millet et al., 2008).  

 

pH Variation: 

 

Figure 4.6 shows the pH variation at the different monitoring station offshore and coastal 

monitoring sites of the study. 
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The plot on the bottom left corner of Figure 4.6 shows the defined section (encompassing all 

the monitoring sites), the plot on the top left corner shows the variation of pH with depth and 

latitudinal location, whereas the plot on the left side of Figure 4.6 shows the pH distribution 

throughout the region of study. The result therefore revealed that the pH variation was almost 

evenly distributed throughout all the study areas, except at Halifax Island and Guano Bay which 

had low amount of 7.6 to 7.7 pH values (Figure 4.6). 

 

The lower temperatures observed at these sites can be attributed to various anthropogenic 

activities as these sites are closer to the town of L¿deritz. Islands, especially those with high 

human population densities or industrial activities, may experience pollution from runoff, 

sewage discharge, and industrial waste. These contaminants can introduce acidic substances 

into the marine environment, thereby lowering the pH of the surrounding waters (Kye et al., 

2023; Landrigan et al., 2020). The Halifax island and its adjacent bay (Guano Bay) have a 

rather tragic history where few centuries ago due to guano mining this lead to increased inputs 

of nutrients and organic matter as a result of guano mining, a few centuries ago,, resulted in 

algal blooms and the subsequent decomposition processes that consume oxygen and release 

CO2, leading to acidification of marine waters (Griffith & Gobler, 2020; R. Li et al., 2022; 

Riebesell et al., 2018).  

At some depths below the sea surface, there was a higher reading (7.9 to 8.1 pH values) were 

observed of pH compared to those results observed from the surface water (Figure4.7). The 

increased levels of pH in deeper water could be probably due to various subsea process 

including biological activities: where phytoplankton perform photosynthesis in the presence of 

sunlight; absorbing carbon dioxide from the water and converting it into organic matter. This 

uptake of CO2 reduces the concentration of carbonic acid and increases pH (Basu & Mackey, 
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2018; Onyeaka et al., 2021; Sethi et al., 2020; Sun et al., 2022; Wang et al., 2023). Another 

process is called vertical mixing where below the sea surface, the waters are less exposed to 

the atmosphere and, therefore, experience less direct contact with carbon dioxide. This reduces 

the rate of carbon dioxide dissolution and helps maintain higher pH values in deeper waters 

(Barry et al., 2013; Chen et al., 2022; Fabry J. et al., 2019; Hurd et al., 2022; Parker, 2016; 

Saderne, Fusi, Thomson, Dunne, Pelembe, et al., 2020). 

This was also observed at the offshore monitoring sites, where lower pH readings were 

observed at the Halifax Island both at the surface and at 5 meters below sea level as shown in 

Figure 4.7 below: 

 

Figure 4.7 show the offshore pH values distributions, the left bottom corner shows the 

monitoring section, the top right corner shows the depth profiles of pH. 

 

The oceanôs capacity to sequester CO2 depends on its pH levels. When carbon dioxide dissolves 

in seawater, it reacts with water molecules to form carbonic acid (H2CO3). Carbonic acid then 

dissociates into hydrogen ions (H+) and bicarbonate ions (HCO3
-) (Figure 4.8). The increased 
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concentration of hydrogen ions leads to a decrease in seawater pH, making it more acidic 

(Dickson, 2010; Hirsh et al., 2020; R. Li et al., 2022). 

Lower pH values indicate higher acidity, and this hinder the ocean's ability to absorb and store 

CO2. This is because high concentrations of hydrogen ions interfere with the formation and 

preservation of carbonate ions (CO3
2-) in the ocean. 

 

 

Figure 4.8 shows that an oceanic pH of 8.3, carbonate levels are high enough for coral 

building. As CO2 increases and pH decreases, carbonate levels will quickly drop below 

optimum levels. https://www.fondriest.com/environmental-measurements/wp-

content/uploads/2013/11/ph_ocean-carbonates.jpg (accessed on 31072023). 

 

Carbonate ions play a crucial role in the carbonate system of the ocean, which includes the 

equilibrium between dissolved inorganic carbon species (Figure 4.8). Carbonate ions combine 

with calcium ions (Ca2+) to form calcium carbonate (CaCO3), which is the building block for 

marine organisms like corals, molluscs, and foraminifera. These organisms use calcium 

carbonate to construct their shells and skeletons (James et al., 2021; R. Li et al., 2022). 

https://www.fondriest.com/environmental-measurements/wp-content/uploads/2013/11/ph_ocean-carbonates.jpg
https://www.fondriest.com/environmental-measurements/wp-content/uploads/2013/11/ph_ocean-carbonates.jpg
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In more acidic conditions (>7.6 pH units), carbonate ions become less available. This reduced 

carbonate ion concentration limits the availability of carbonate minerals for marine organisms, 

hindering their ability to build and maintain their calcium carbonate structures. As a result, 

ocean acidification can negatively impact marine ecosystems, especially those reliant on 

calcium carbonate structures. The decrease in carbonate ion concentration also affects the 

dissolution of existing calcium carbonate sediments. More acidic conditions can lead to 

increased dissolution of calcium carbonate, releasing CO2 back into the water and potentially 

the atmosphere. This process reduces the ocean's capacity to store carbon dioxide in the long 

term (Barry et al., 2013; James et al., 2021; Steiner et al., 2018).  

 

The presence of the kelp forest at the pilot farm and surrounding sites in L¿deritz will help 

remediate ocean acidification through a process called "biological carbon sequestration." Kelp, 

which are large brown algae, have the ability to absorb and utilize CO2 from seawater during 

photosynthesis (Chung et al., 2011; Hurd et al., 2022; Krause-Jensen et al., 2018; Macchiavello 

et al., 2010; Saderne, Fusi, Thomson, Dunne, Pelembe, et al., 2020; Sondak et al., 2017). 

Kelp has rapid growth rates and high biomass production (Sondak et al., 2017). As kelp grows, 

it accumulates significant amounts of organic carbon (Figure 4.9). When kelp biomass sinks to 

the ocean floor or is harvested and utilized for various purposes, it sequesters carbon, 

effectively removing it from the atmosphere and the surface ocean for long periods (Bayley et 

al., 2017). 

McKinsey company released an article (Figure 4.9) that showed the potential of kelp as a nature 

based solution due to the ability of the kelp to survive  at the pH levels observed  in this study 

and the ability of increasing the pH levels (Claes et al., 2022; Xiao et al., 2021). 
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Figure 4.9 shows the latest scientific research and leverages McKinsey analysis to estimate the 

potential for abatement or conservation by 2050. This report also includes deeper analysis of 

kelp reforestation and bottom trawling to show how economies of scale in these emerging 

solutions could help reduce prohibitive costs.(Claes et al., 2022) 
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Total Dissolve Solids (TDS) variation: 

Total dissolved solids (TDS) encompass various ions, including carbonates and bicarbonates. 

The concentration of these ions can influence the buffering capacity of water, affecting the 

pH and the solubility of carbonates, ultimately influencing carbon sequestration processes. 

During the study the TDS measurements were taken at all the study areas and more than 

25000 ppm (Figure 4.10) of dissolved solids were recorded which were the acceptable values 

of the marine environment (Sugiarti et al., 2023). 

 

Figure 4.10 shows the TDS distribution and variability at the different monitoring sites 

(including both offshore and coastal). 
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From the map distribution (Figure 4.10), higher amounts (>27000 ppm) of TDS readings were 

observed further north and at the coastal areas of Boot Bay and Pilot Area. This is because the 

TDS distribution in the BUS is influenced by a combination of physical and biological 

processes that are characterized by strong coastal winds that drive the upwelling of nutrient-

rich water from the ocean depths (Hutchings et al., 2009; Lima et al., 2019; Tyrrell & Lucas, 

2002). The upwelling then brings dissolved minerals to the surface and leads to higher TDS 

levels near the coastal area especially at Boot Bay and Pilot areas (Rixen et al., 2021). 

 

 

Figure 4.11 shows the variability of TDS at the different sites and depths. 

 

Overall, the TDS levels in these areas were influenced by a combination of physical processes, 

such as upwelling and mixing of water masses, and biological processes, such as phytoplankton 

uptake of dissolved minerals (Aumont et al., 2016; Barlow et al., 2009). 
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Dissolved Oxygen (D.O) variation 

Dissolved oxygen is the measurement of unbound, elemental oxygen in water or other liquids. 

It holds significant importance in evaluating water quality due to its impact on the aquatic 

organisms inhabiting a particular body of water (Facilities, 2016). Studies have shown that the 

amount of DO needed for marine organisms to thrive varies from creature to creature within 

the water bodies, for example kelp thrive ranges from 4 to 5 ppm. The measurements in this 

study showed that DO vary from 4.5 to 7 ppm at different locations (Figure 4.12). Table 4.1 

showed the DO level values found at each study location. 
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Figure 4.12 shows the dissolved oxygen in ppm variability and distribution. 

 

 Higher amounts of D.O was observed at the coastal areas compared to the offshore areas 

(Figure 4.12). The upwelling brings cold, oxygen-rich water to the surface, leading to higher 

DO levels near the coast (Hoshijima & Hofmann, 2019; Najjar et al., 2007). 
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Figure 4.13 shows on the top left corner the variability of D.O at different depths. 

 

Oxyclines were observed at higher depths.  In set at the bottom left corner (Figure 4.13) shows 

the map of the different monitoring sites, while on the right-hand side figure show the D.O 

variation at different sites. Higher D.O values was observed at Boot Bay (6.40 ppm) and down 

at Grossebucht (6.44 ppm). The D.O and pH results of this study shows that all the study areas 

have the potential to accommodate the cultivated farm at large scale due to the amounts 

available and the continuous prevailing active upwelling cell.   

More also, as a result of  the higher productivity in the Benguela upwelling system (BUS), the 

phytoplankton respirations and temperature contributes to the lower oxygen levels in the open 

ocean when compared to the coastal areas (Pitcher et al., 2014). 
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Geochemistry seasonality 

The geochemistry of all the sample area locations varied in relation to the seasonality. Changes 

were observed especially in major geochemistry parameters such as the pH and temperature. 

The pH varied between 6.80-8.20 and temperatures of 6.0-16.10 ÁC, over the study period 

(Figure 4.14). 

 

 

 

 

 

 

 

Figure 4.14 shows the seasonal variation of temperature and pH at Grossebucht control site. 

 

 Higher pH was observed during the peak season of the upwelling (September to January), and 

this has a direct relationship with temperature. 

The monthly trends observed at Grossebucht area had higher pH and temperature values during 

the peak of an upwelling season. Due to the L¿deritz active upwelling cell, the dominance of 

high pH was observed to be throughout the year with slight increase during the peak season  

compared with the Northern Benguela Upwelling system (n-BUS) (Flynn et al., 2020; 

Hutchings et al., 2009; Lima et al., 2019). 
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Similar seasonal pattern was also observed at Guano Bay as shown in Figure 4.15 below: 

 

Figure 4.15 shows the seasonal variations of temperature and pH at Guano Bay. 

 

The pH value and pattern observed at Guano Bay were consistent with those measured at 

Grossebucht. This showed that the geochemical parameters at these sites are closely related 

throughout the L¿deritz area.  

A further seasonal variability comparison of pH and DO at Cultivation site and Grossebucht 

(control) showed that higher amount of pH and D.O were observed during the peak of the 

upwelling which is Q4 and Q3 whereas the lowest during Q2 and Q1 respectively (Figure 4.16). 
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Figure 4.16 shows the seasonality trends of pH and D.O at both the Pilot (Cultivation site) and 

Grossebucht (Control site), during this season the higher amount of pH and D.O were observed 

during the peak of the upwelling which is Q4 and Q3 whereas the lowest during Q2 and Q1 

respectively. 

 

The upwelling of cold, deep waters to the surface led to a significant drop in sea surface 

temperatures in the areas where ocean water was monitored. This phenomenon is known as the 

central Benguela upwelling system (L¿deritz active upwelling cell) at the study location. Cold 

water from the subsurface is rich in nutrients, and when it rises to the surface, it brings these 

nutrients to the photic zone, promoting high biological productivity. As a result, the surface 

waters of the Benguela upwelling system are generally cooler compared to the surrounding 

ocean regions (Lett et al., 2007; Morgan et al., 2019; Pitcher et al., 2021; Reeder et al., 2022; 

Wasmund et al., 2016). 

The upwelling of deep, cold waters also has an impact on pH in the Benguela system. Cold 

waters tend to have higher dissolved oxygen levels because cold water can hold more dissolved 

gases (Duarte et al., 2017; Hoshijima & Hofmann, 2019; Panassa et al., 2018; Sondak et al., 

2017). The increased dissolved oxygen in the upwelled waters promotes biological respiration 
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and the consumption of carbon dioxide (CO2) by marine organisms (Saderne, Fusi, Thomson, 

Dunne, Pelembe, et al., 2020). As CO2 is removed from the water during respiration, the 

concentration of carbonic acid (H2CO3) decreases, leading to a rise in pH and this is what will 

contribute highly to the growth of the kelp cultivation and leading to the thriving of the kelp 

forest. 

 

4.2 Nutrient results 

Nutrient measurement plays a vital role in influencing carbon sequestration in aquatic 

ecosystems, this study showed that the amount of nitrites and phosphate were widely 

distributed within the sampling areas (Table 4.2). From the results the biggest driver to the 

variation in nutrients, was the cycling of the nutrients periodically as well as the upwelling 

season (Bristow et al., 2017; Bullen et al., 2021; Elliott Smith et al., 2018; Weinstock et al., 

2022) (Figure 4.17).  

 

Table 4.2 shows the average nutrient distribution of the monitoring areas. 

SITE LAT LONG DEPTH Phosphate 

(PO43-) 

[ppm] 

Nitrite 

[ppm] 

Phosphate 

[ÕM] 

Nitrite 

[ÕM] 

Boot Bay -26.45 15.10 1 0.38 0.13 4.02 2.88 

Boot Bay -26.45 15.10 15 0.40 0.05 4.18 1.07 

Boot Bay -26.45 15.10 30 0.33 0.05 3.42 1.16 

Pilot -26.48663 15.06 1 0.31 0.08 3.23 1.78 
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Pilot -26.48663 15.06 15 0.37 0.08 3.85 1.60 

Pilot -26.48663 15.06 30 0.33 0.08 3.45 1.64 

DF Rocks -26.50111 15.11833 1 0.28 0.06 2.91 1.41 

DF Rocks -26.50111 15.11833 15 0.39 0.08 4.08 1.70 

DF Rocks -26.50111 15.11833 30 0.43 0.08 4.48 1.64 

Halifax -26.64889 15.08111 1 0.34 0.04 3.60 0.87 

Halifax -26.64889 15.08111 5 0.37 0.04 3.86 0.78 

Grossebuch

t 

-26.74139 15.09472 1 0.33 0.07 3.45 1.44 

Guano -26.65376 15.08277 1 0.34 0.06 3.63 1.34 

Boot Bay 

Coastal 

-26.4575 15.11778 1 0.23 0.02 0.50 2.46 

DF Rocks 

Coastal 

-26.5 15.13861 1 0.30 0.04 0.80 2.36 

Pilot 

Coastal 

-26.45861 15.11361 1 0.21 0.04 0.83 2.17 
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Figure 4.17 shows the phosphate variation, where higher concentrations of phosphates were 

in the southern part of L¿deritz. 

 

The phosphate concentration were higher at locations far  from the shorelines (Figure 4.17)  

Also, sites that were closer to islands had the highest phosphate levels; and this can be attributed 

to the guano in these islands (Schnug et al., 2018; Swart, 1988). 

Guano serves as a natural source of phosphorus in the form of phosphate, enriching coastal 

waters and supporting marine productivity. The relationship between guano and phosphate 

concentrations plays a vital role in shaping marine ecosystems and the biodiversity found in 

coastal regions. Guano refers to the accumulated excrement of seabirds and bats, and it is 

known to be rich in nutrients, particularly phosphorus. The phosphorus in guano comes from 

the diets of seabirds, which consist of fish and other marine organisms. These marine organisms 

accumulate phosphorus in their bodies from the marine food web. When seabirds consume 
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these organisms, they assimilate the phosphorus, and it gets concentrated in their excrement 

(guano). When guano is deposited on islands or coastal areas, it undergoes decomposition 

(Gagnon et al., 2013; Shatova et al., 2016). During this process, the organic matter in guano 

breaks down, and phosphorus is released into the surrounding environment in the form of 

phosphate ions (PO4
3-) (Figure 4.18). This process is known as mineralization, where organic 

phosphorus is converted into inorganic phosphate, making it available for use by marine plants 

(phytoplankton) and other organisms (Giurgiu et al., 2013; Lucassen et al., 2017; Rodrigues & 

Micael, 2021; Sokol et al., 2022). 
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Figure 4.18 shows the phosphorus cycle including how the guano influences the amount of 

phosphorus in the ocean, soil and geologic rocks. 

https://www.google.com.na/imgres?imgurl=https%3A%2F%2Fi0.wp.com%2Fzhtutorials.co

m%2Fwp-content%2Fuploads%2F2022%2F07%2FThe-phosphorus-

cycle.jpg%3Ffit%3D1670%252C1669%26ssl%3D1&tbnid=dl-

sT366Su3vRM&vet=12ahUKEwidzvvb3LiAAxVvmScCHbQrChEQMygIegQIARBD..i&imgre

furl=https%3A%2F%2Fzhtutorials.com%2F2022%2F07%2F16%2Fthe-phosphorus-

cycle%2F&docid=3tKS2XvoG8EtIM&w=1670&h=1669&q=article%20phosphate%20deco

mposition%20of%20guanos%20ocean&ved=2ahUKEwidzvvb3LiAAxVvmScCHbQrChEQMy

gIegQIARBD. (Accessed on 31072023). 

 

https://www.google.com.na/imgres?imgurl=https%3A%2F%2Fi0.wp.com%2Fzhtutorials.com%2Fwp-content%2Fuploads%2F2022%2F07%2FThe-phosphorus-cycle.jpg%3Ffit%3D1670%252C1669%26ssl%3D1&tbnid=dl-sT366Su3vRM&vet=12ahUKEwidzvvb3LiAAxVvmScCHbQrChEQMygIegQIARBD..i&imgrefurl=https%3A%2F%2Fzhtutorials.com%2F2022%2F07%2F16%2Fthe-phosphorus-cycle%2F&docid=3tKS2XvoG8EtIM&w=1670&h=1669&q=article%20phosphate%20decomposition%20of%20guanos%20ocean&ved=2ahUKEwidzvvb3LiAAxVvmScCHbQrChEQMygIegQIARBD
https://www.google.com.na/imgres?imgurl=https%3A%2F%2Fi0.wp.com%2Fzhtutorials.com%2Fwp-content%2Fuploads%2F2022%2F07%2FThe-phosphorus-cycle.jpg%3Ffit%3D1670%252C1669%26ssl%3D1&tbnid=dl-sT366Su3vRM&vet=12ahUKEwidzvvb3LiAAxVvmScCHbQrChEQMygIegQIARBD..i&imgrefurl=https%3A%2F%2Fzhtutorials.com%2F2022%2F07%2F16%2Fthe-phosphorus-cycle%2F&docid=3tKS2XvoG8EtIM&w=1670&h=1669&q=article%20phosphate%20decomposition%20of%20guanos%20ocean&ved=2ahUKEwidzvvb3LiAAxVvmScCHbQrChEQMygIegQIARBD
https://www.google.com.na/imgres?imgurl=https%3A%2F%2Fi0.wp.com%2Fzhtutorials.com%2Fwp-content%2Fuploads%2F2022%2F07%2FThe-phosphorus-cycle.jpg%3Ffit%3D1670%252C1669%26ssl%3D1&tbnid=dl-sT366Su3vRM&vet=12ahUKEwidzvvb3LiAAxVvmScCHbQrChEQMygIegQIARBD..i&imgrefurl=https%3A%2F%2Fzhtutorials.com%2F2022%2F07%2F16%2Fthe-phosphorus-cycle%2F&docid=3tKS2XvoG8EtIM&w=1670&h=1669&q=article%20phosphate%20decomposition%20of%20guanos%20ocean&ved=2ahUKEwidzvvb3LiAAxVvmScCHbQrChEQMygIegQIARBD
https://www.google.com.na/imgres?imgurl=https%3A%2F%2Fi0.wp.com%2Fzhtutorials.com%2Fwp-content%2Fuploads%2F2022%2F07%2FThe-phosphorus-cycle.jpg%3Ffit%3D1670%252C1669%26ssl%3D1&tbnid=dl-sT366Su3vRM&vet=12ahUKEwidzvvb3LiAAxVvmScCHbQrChEQMygIegQIARBD..i&imgrefurl=https%3A%2F%2Fzhtutorials.com%2F2022%2F07%2F16%2Fthe-phosphorus-cycle%2F&docid=3tKS2XvoG8EtIM&w=1670&h=1669&q=article%20phosphate%20decomposition%20of%20guanos%20ocean&ved=2ahUKEwidzvvb3LiAAxVvmScCHbQrChEQMygIegQIARBD
https://www.google.com.na/imgres?imgurl=https%3A%2F%2Fi0.wp.com%2Fzhtutorials.com%2Fwp-content%2Fuploads%2F2022%2F07%2FThe-phosphorus-cycle.jpg%3Ffit%3D1670%252C1669%26ssl%3D1&tbnid=dl-sT366Su3vRM&vet=12ahUKEwidzvvb3LiAAxVvmScCHbQrChEQMygIegQIARBD..i&imgrefurl=https%3A%2F%2Fzhtutorials.com%2F2022%2F07%2F16%2Fthe-phosphorus-cycle%2F&docid=3tKS2XvoG8EtIM&w=1670&h=1669&q=article%20phosphate%20decomposition%20of%20guanos%20ocean&ved=2ahUKEwidzvvb3LiAAxVvmScCHbQrChEQMygIegQIARBD
https://www.google.com.na/imgres?imgurl=https%3A%2F%2Fi0.wp.com%2Fzhtutorials.com%2Fwp-content%2Fuploads%2F2022%2F07%2FThe-phosphorus-cycle.jpg%3Ffit%3D1670%252C1669%26ssl%3D1&tbnid=dl-sT366Su3vRM&vet=12ahUKEwidzvvb3LiAAxVvmScCHbQrChEQMygIegQIARBD..i&imgrefurl=https%3A%2F%2Fzhtutorials.com%2F2022%2F07%2F16%2Fthe-phosphorus-cycle%2F&docid=3tKS2XvoG8EtIM&w=1670&h=1669&q=article%20phosphate%20decomposition%20of%20guanos%20ocean&ved=2ahUKEwidzvvb3LiAAxVvmScCHbQrChEQMygIegQIARBD
https://www.google.com.na/imgres?imgurl=https%3A%2F%2Fi0.wp.com%2Fzhtutorials.com%2Fwp-content%2Fuploads%2F2022%2F07%2FThe-phosphorus-cycle.jpg%3Ffit%3D1670%252C1669%26ssl%3D1&tbnid=dl-sT366Su3vRM&vet=12ahUKEwidzvvb3LiAAxVvmScCHbQrChEQMygIegQIARBD..i&imgrefurl=https%3A%2F%2Fzhtutorials.com%2F2022%2F07%2F16%2Fthe-phosphorus-cycle%2F&docid=3tKS2XvoG8EtIM&w=1670&h=1669&q=article%20phosphate%20decomposition%20of%20guanos%20ocean&ved=2ahUKEwidzvvb3LiAAxVvmScCHbQrChEQMygIegQIARBD
https://www.google.com.na/imgres?imgurl=https%3A%2F%2Fi0.wp.com%2Fzhtutorials.com%2Fwp-content%2Fuploads%2F2022%2F07%2FThe-phosphorus-cycle.jpg%3Ffit%3D1670%252C1669%26ssl%3D1&tbnid=dl-sT366Su3vRM&vet=12ahUKEwidzvvb3LiAAxVvmScCHbQrChEQMygIegQIARBD..i&imgrefurl=https%3A%2F%2Fzhtutorials.com%2F2022%2F07%2F16%2Fthe-phosphorus-cycle%2F&docid=3tKS2XvoG8EtIM&w=1670&h=1669&q=article%20phosphate%20decomposition%20of%20guanos%20ocean&ved=2ahUKEwidzvvb3LiAAxVvmScCHbQrChEQMygIegQIARBD
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The release of phosphate from guano can have a significant impact on marine productivity in 

the surrounding waters. Phosphate is a crucial nutrient for marine plants, which are primary 

producers at the base of the marine food web. Increased phosphate concentrations can lead to 

the stimulation of phytoplankton growth and subsequently support higher trophic levels in the 

ecosystem which will play a great role in the cultivation of kelp in the L¿deritz area as there 

wonôt be any competition of nutrients (Aoyama et al., 2010; Aumont et al., 2016; Schnug et 

al., 2018; Tyrrell & Lucas, 2002). 

 

According to literature the amount of phosphate required for M.pyrifera to survive and flourish 

is around 1ÕM and the all the water samples collected have shown the concentration of 

phosphate at all the sites were above 1 ÕM (Schiel & Foster, 2015) (Table 4.2). 

 Nevertheless, the coastal area in the northern monitoring site exhibited lower phosphate 

concentrations compared to the offshore sites. This phenomenon can be linked to findings from 

previous studies that have demonstrated a decrease in nutrient levels as one moves further north 

of the Benguela Upwelling System (BUS) (Flynn et al., 2020; Reeder et al., 2022; Rixen et al., 

2021).  Moving down south of the monitoring stations it was observed to be opposite. This is 

correlated with the data collected from the Copernicus satellite dataset (Figures 4.19-4.20). 
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Figure 4.19 shows the satellite data of the southern monitoring sites where higher amount of 

phosphate concentration (~0.8 mmol/L) nearshore. 

 

 

Figure 4.20 shows the southern monitoring sites where the satellite data (above) were collected 

to ground truth the in-situ measurements. 
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Satellite observations provide valuable insights into the geochemical baseline of the ocean by 

capturing large-scale patterns and temporal variations in key biogeochemical parameters which 

can be used to ground truth the in-situ measurement that was taken (Figure 4.20) (Darnley et 

al., 1995; Papenfus et al., 2020; QueiÇer et al., 2019).  

During this study, an open access satellite data from the Copernicus Marine Environment 

Monitoring Services (CMEMS) were obtained where various spatial-temporal geochemical 

data were retrieved in NetCDF (network Common Data Form) file and later converted into csv 

(comma-separated values) file using Panoply software and MATLAB (Matrix Laboratory) a 

programming language. 

 

Nitrite concentration levels were recorded higher in the northern area compared to the southern 

area (Figure 4.21; Table 4.3). 
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Figure 4.21 shows the distribution of nitrite concentrations at the different monitoring sites. 

 

The nutrients analysed showed an increase in the amount of phosphates, nitrites, and other 

nutrients (Table 4.2) in the months of October 2022. This can may be due to the predominant 

upwelling season that is driven by the higher wind speed from the continental margin into the 

ocean margin (Field et al., 1998; Flynn et al., 2020; Patey et al., 2008; Smith et al., 2022). 

 

 

 

 

 



84 

 

 

 

Table 4.3 shows the wind data collected from the Diaz lighthouse in L¿deritz. 

 

 

Figure 4.22 shows the graph depicting the average wind speed for the year 2022, which was 

recorded hourly by the MFMR meteorological station. 

 

Stronger and predominantly wind speed was observed during the season of October to 

February, this is when the upwelling is at its peak season (Table 4.3; Figure 4.22). 
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The seasonality of the nutrients at the Pilot (Cultivation site) and one of the control sites was 

observed which continued to prove that the increase in nutrient concentrations were contributed 

by the dominant upwellings caused the strong wind season as shown in Figures 4.23 and 4.24 

below. 

 

Figure 4.23 shows the seasonal variation of phosphates at Pilot (Cultivation) and Grossebucht 

(Control). Higher concentrations of phosphate were observed during Q3 and Q4, respectively. 

Grossebucht also showed a higher amount of phosphate due to the closeness to the shore 

(coastal). 

 
































































































































